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Abstractions 


LAST AUTHOR 
Twenty-eight years 
after AIDS was first 
recognized, preventing 
the transmission of HIV 
remains an elusive goal. 
d Clinical trials of strategies 
aimed at preventing 
transmission to women, including virus- 
inhibiting compounds called microbicides, 
have been disappointing. On page 1034, 
microbiologist Ashley Haase at the 
University of Minnesota in Minneapolis and 
his colleagues show that microbicides may 
yet prove beneficial. While investigating the 
earliest stages of simian immunodeficiency 
virus (SIV) infection in rhesus macaques, 
the team revealed how this HIV-like virus 
exploits the host's normal immune response 
in order to fuel systemic spread. This led 
them to test a seemingly unorthodox strategy 
— blocking the host's immune response with 
microbicides to deprive the virus of the cells 
it uses to spread. Haase tells Nature more. 


How did your work lead to testing a 
microbicide in this unusual way? 

Despite the large dose of virus used to 
infect animals, we discovered that founder 
populations of infected cells are small and 
focal. We were puzzled by how these barely 
detectable populations could so quickly 
turn into an explosive systemic infection. By 
detailed mapping of infected cell clusters 

in cervical tissues, we established that the 
clusters grow by accreting newly infected 
cells. We then pieced together how the virus 
takes advantage of the host's inflammatory 
response to infection to recruit new target 
cells for its spread. The response brings in 
circulating T cells, HIV's target cells, and 

in so doing provides an opportunity for the 
virus to spread systemically. 


Were you surprised that an existing 
antimicrobial compound was effective? 
Yes. My co-author Patrick Schlievert has been 
working with glycerol monolaurate (GML) for 
17 years. He previously showed that it blocks 
the signalling and immune-response system 
we wanted to disrupt, so we thought it might 
be effective as a microbicide. And it was. Four 
out of five animals challenged with repeated 
high doses of SIV were completely protected 
from infection by GML therapy. 


Have your data met with excitement or 
scepticism? 

Both. Many people are as excited as we 

are about GML's potential, but there is also 
scepticism about it being another microbicide 
that does not specifically target HIV. But we 
have advanced the idea that blocking the 
host's inflammatory immune response might 
prevent vaginal transmission. Ultimately, | 
think combining microbicides with specific 
antiretroviral compounds might be the most 
effective way to prevent infection. Oo 
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MAKING THE PAPER 
Natalia Rybczynski 


Arctic freshwater fossil fills a 
missing branch of seal ancestry. 


At the end of another long Arctic summer day 
on Canada’s Devon Island, Natalia Rybezynski’s 
palaeontology field crew was disheartened, 
having once again found nothing new. Then, 
to make matters worse, their all-terrain vehi- 
cle ran out of petrol. Undergraduate researcher 
Elizabeth Ross, who had been in charge of fuel, 
sheepishly kicked around in the dirt while 
Rybezynski ran back to camp. 

Uncovering a piece of bone, Ross immed- 
iately showed it to palaeontologist Mary Daw- 
son of the Carnegie Museum of Natural History 
in Pittsburgh, Pennsylvania. By the time Ryb- 
czynski returned, the two had uncovered hand- 
fuls of bones from an animal that turned out to 
bea missing link in the evolution of pinnipeds 
— seals, sea lions and the walrus. 

Of all the mammals that have marched 
back into the sea during their evolution, the 
ancestors of pinnipeds have been the most 
elusive. Other ancient specimens, of the genus 
Enaliarctos, have previously been found on 
the northwestern coast of the United States 
and already had fully formed flippers. On the 
basis of these remains, many researchers in the 
field assumed that pinnipeds had evolved from 
terrestrial forms in the same region. 

Rybczynski, a palaeobiologist at the Cana- 
dian Museum of Nature in Ottawa, Ontario, 
and her team uncovered 65% of the animal’s 
skeleton within a couple of days. Nestled in 
freshwater lake deposits in an impact crater, the 
skeleton dates to roughly 20 million years ago. 

“Even in the field, we were seeing evidence 
of specialization for swimming,’ recalls Ryb- 
czynski. This included powerful shoulder 
muscles and flattened phalange bones that 
indicate webbing of the feet. The animal’s teeth 
and skull revealed that it was a carnivore that 
shared characteristics with pinnipeds. Through 


Natalia Rybcezynski (left) and Mary Dawson. 


phylogenetic analysis, the team confirmed it to 
bea pinniped (see page 1021). 

“It’s the kind of animal that can be once-in-a- 
career. It’s a transitional fossil that’s filling a gap 
in our understanding,” says Rybczynski. That 
alone would have been enough to put it on the 
map of scientific merit, but add to that the fact 
that it was found in an unexpected locale — the 
Arctic Circle — and ina freshwater setting, and 
“it’s really phenomenal’, she adds. 

Named Puijila darwini (pronounced pew- 
yee-la, for an Inuit word for young seal), it’s the 
most terrestrial of all known pinniped fossils. 
Rybezynski likens it to a “swimming wolverine” 
that was a powerful hunter both on land and in 
the water. And it may have hunted in seawater 
as well as freshwater, opting for the former when 
lakes froze over in winter. Puijila’s habitat would 
have been a forested, relatively temperate area, 
but subject to a great deal of seasonal variation 
owing to its high latitude. The setting brings 
new ideas about pinniped evolution. 

“What would it have been like hunting in 
the near-total darkness of the Arctic winter?” 
Rybczynski wonders. Biologists have generally 
associated the evolution of pinnipeds large eyes 
with deep diving, she says, but it could instead be 
linked to the Arctic Circle's long, dark winters. 

The discovery also addresses scepticism about 
the migration of pinniped ancestors from the 
Arctic to the Pacific — the Bering land bridge 
that existed at the time would have presented a 
barrier to swimmers. But, Rybczynski notes, the 
flipperless Puijila could have walked across. ™ 


FROM THE BLOGOSPHERE 


Should authors get a grade for 
peer reviewing? It's indisputable 
that, if done well, peer-review 
activities are a time-consuming 
contribution to science — and 
can easily be overlooked by a 
tenure committee. 

A guest post by Willy Aspinall 
of the University of Bristol, 
UK, on the Peer-to-Peer blog 
earlier this month suggested 
that peer-reviewing activities 
be scored with a metric that 


takes into account how many 
reviews a scientist performs in 
a year and the impact factors 

of the journals involved (http:// 
tinyurl.com/d7w4ys). 

That post sparked Nature 
associate editor Noah Gray to 
respond on his blog, Nothing's 
Shocking, that such a metric 
“seems wildly over-simplistic 
and hardly quantitative” (http:// 
tinyurl.com/cnulcj). Gray 
takes issue with the idea that 


peer reviewing is truly a solo 
undertaking. He goes on to 
suggest that it would be more 
appropriate to track authors’ 
contributions through their 
Web 2.0 interactions and public 
commenting on science — what 
he calls “peer review lite”. 

He argues that until the 
review system becomes public 
and non-anonymous, there 
is really no way of applying a 
meaningful metric. | 


Visit Nautilus for regular news relevant to Nature authors } http://blogs.nature.com/nautilus and see 
Peer-to-Peer for news for peer reviewers and about peer review } http://blogs.nature.com/peer-to-peer. 
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Wanted: cyber-czars 


The world needs stronger leadership in safeguarding the security of computation 
and communication networks. That includes research institutions. 


meltdown, climate change and pandemics, cyberattacks are 

just as much of a global threat. Like those others, they demand 
coordinated action and leadership by governments, which have a duty 
to boost research on the topic. But the threat also needs to be tackled by 
research institutions, which have a key role in encouraging the adop- 
tion and sharing of best practices, and in promoting an awareness of 
the risks among researchers at the bench. 

The much-publicized Conficker worm, which has infected as 
many as 15 million computers worldwide since it was first detected in 
October last year, is the most prominent recent example of the problem. 
Not only has the number of network attacks soared since the 1990s, 
but the attackers are no longer just teenage hackers looking for peer- 
group glory. Increasingly, they include organized-crime networks that 
are engaging in spamming, identify theft and industrial and scientific 
espionage for profit. More ominously still, state and other organizations 
have begun to target their cyberattacks on crucial infrastructure such 
as information networks and the electricity grid. 

The United States bears a special responsibility for fighting cyber- 
attacks and scams, being the largest single source of them. Recogniz- 
ing such a need, the administration of former US President George 
W. Bush began to beef up federal defences with a mostly classified, 
cross-agency Comprehensive National Cyber Security Initiative that 
was launched in January 2008. Last week, the administration of current 
President Barack Obama completed its own review of federal cyber- 
security efforts. The study has yet to be made public, but will probably 
recommend that the White House coordinates cybersecurity efforts 
between federal agencies and the private sector. 

And two bills on the subject have now been introduced in the US 
Senate. One would give the president the authority to create and enforce 
cybersecurity standards. The other would put the National Science 
Foundation (NSF) in charge of related federal research and provide 
the agency with an additional $1.7 billion for cybersecurity research 
and education over the next five years. 

The United States is not acting alone. The European Commission, for 
example, introduced a scheme last month to strengthen the European 


\ eglected though they may be compared with the financial 


Union's cybersecurity efforts by encouraging standard approaches to 
prevention, detection and mitigation in its member states. 

These are all steps in the right direction, but translating them into 
action will be a huge task. The fight against cyberattacks can never be 
‘won. Cybersecurity is an arms race in which ever-more sophisticated 
responses will be needed as new threats emerge. 

Research is therefore vital, yet many US observers, including the 
National Research Council, have concluded that federal funding for 
such research is too low and too erratic. The NSF has made substantial 
investments in this area, as have the departments of energy and home- 
land security. But the Defense Advanced Research Projects Agency, 
formerly a mainstay of such research, dropped out almost entirely dur- 
ing the Bush administration to focus on short-term military projects. 
Congress and the Obama administration, through whatever mecha- 
nism they finally set up, need to provide 
much more consistency and coordination 
in the nation’s research efforts. 

But cybersecurity is much more than 
a technological problem, and the most 
pressing needs are for greater awareness 
and adoption and deployment of the latest 
best practices and tools. Computer-savvy researchers involved in the 
electricity grid and other large research networks are at the forefront 
here, whereas universities have been laggards. If governments need 
cybersecurity czars and proactive policies, so too does every university. 
Most researchers at the bench have neither the time nor the skill to be 
security experts, and nor should they — itis for their institutions to do 
the heavy lifting in promoting a culture of cybersecurity. 

An increasing number of researchers are coming to believe that the 
Internet itself needs to be redesigned, as it was never created with secu- 
rity in mind. One way to do that would be to build in accountability 
from the start, by encoding data packets in a way that would make 
it harder for hackers to hide their true location. This idea is highly 
controversial in the networking community, not least because it raises 
serious concerns about privacy. But it would deprive attackers of their 
anonymity. It should be considered seriously. a 


“If governments 
need cybersecurity 
czars and proactive 
policies, so too does 
every university.” 


More than hot air 


The United States has finally acknowledged that 
global warming is a threat. It must now act on that. 


opened up yet another front in the climate-policy debate by 
issuing a document that proposes to acknowledge that green- 
house gases pose a threat to human welfare. To climate scientists, 


E week, the US Environmental Protection Agency (EPA) 


that statement, which is subject to a 60-day comment period, may 
sound like an utterly bland assertion of the obvious. But sadly — 
because it should have happened long ago — the announcement is 
exactly what so many supporters have hailed it to be: a landmark in 
US environmental history. It is the EPA’s first formal claim that it has 
the power to regulate greenhouse-gas emissions without any further 
authorization from Congress. 

What is not yet clear is how this action is going to play out. In one 
scenario, for example, the EPA would indeed go it alone. The US 
Supreme Court endorsed the agency’s authority to do so in 2007, 
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when it ruled that greenhouse gases from vehicles could be regulated 
under the Clean Air Act if the EPA determined that they posed a 
threat to humans — as the agency now proposes to do. It could start 
by setting a limit on greenhouse-gas emissions for all transporta- 
tion fuels, or by setting carbon-based standards for energy-intensive 
industries. 

As worthwhile as such efforts would be, however, nobody really 
wants the EPA to go solo on climate. Successfully reducing US car- 
bon emissions by any amount, let alone meeting the administra- 
tion’s goal of cutting them to 80% of 1990 levels by mid-century, will 
require a framework of law, regulations and incentives that encom- 
pass all of US society. And for action of that magnitude, the EPA and 
every other relevant agency should have the imprimatur of society's 
representatives in Congress. 

In an alternative scenario — the one that advocates of climate leg- 
islation are hoping for — the looming threat of the EPA's regulatory 
authority would nudge all sides to the table for a grand congressional 
bargain on greenhouse-gas regulations. The presumption is that busi- 
ness leaders, Republicans, coal-state Democrats and others wary of 
climate regulation will figure that they have a better chance of pro- 
tecting their interests in Congress than in the deliberations of EPA 
technocrats. Supporters, meanwhile, will figure that a congressional 
stamp of approval will help to avoid long legal challenges about every 
detail of the regulations, as well as the prospect ofa loss in court. (Just 
such an outcome occurred last year when a fight over regulatory 


details led a federal appeals court to toss out an emissions-trading 
programme designed to lessen the amount of smog that drifts east 
from power plants in the Midwest.) 

In the meantime, President Barack Obama has rightly chosen to 
focus his climate-change efforts on Capitol Hill, where several bills 
have already been introduced to regulate greenhouse gases by a cap- 
and-trade system. Unfortunately, his administration hasn't exactly 
been crystal clear about what it expects from Congress and when. 
This is perhaps understandable, given the energy that Obama has been 
forced to dedicate to the ongoing economic crisis, but the administra- 
tion will eventually have to wade into the debate, get involved in the 
negotiations and demonstrate real leadership in this area. 

The good news is that Obama seems to understand the complexi- 
ties of the problem. His science adviser John Holdren recently told 
Nature that Obama has shown “a willingness and an ability to keep 
issues together when they need to be together”. Irrespective of how 
popular his policies might be, there is little doubt that Obama has 
shown a bold — some would say brash — inclination to break with 
the stove-piped policymaking of the past. Energy and climate, for 
example, had for some time been handled separately but are now part 
of a single discussion that includes competitiveness and economic 
recovery. Still, comprehensive reform will always be more difficult 
than a piecemeal approach. In his short time in office, Obama has 
showed his willingness to push for reform on numerous fronts. Now 
he needs to prove he can follow through. a 


No more catch-up 


Regulatory agencies need to be more proactive in 
preparing for avant-garde products. 


body in charge of regulating the marketing of pharmaceuticals 
in Europe, is falling well short of its stated goal of stimulating 
the development of innovative new medicines. 

In particular, the EMEA has stumbled in its dealings with Pharma- 
Planta, an academia-led consortium funded by the European Commis- 
sion (EC) to develop drugs for diseases that continue to pose problems 
in both Europe and the developing world using transgenic plants. 

The consortium recently offered to help the EMEA improve 
regulations for the manufacture of plant-made drugs, so that they 
would be ready when the first products come to market (see page 
951). It also hoped to instil confidence in the wider European drug 
industry, which has been reluctant to invest in drugs made from 
transgenic plants despite the technique’s promise as an inexpensive 
drug-production pathway. One reason for this reluctance may be 
that many Europeans are reluctant to embrace genetically modified 
crops in general. Buta large part of the problem, analysts say, is that 
the strict controls on manufacturing processes and product quality 
required to get marketing permission from the EMEA were drawn 
up for traditional biopharmaceutical production methods, which use 
engineered microbes and cultured mammalian cells. Those controls 
needed to be redrafted to fit transgenic plant systems. 


Te London-based European Medicines Agency (EMEA), the 
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Hence the consortium’s offer. The EMEA, however, insisted on 
charging Pharma-Planta its standard rate for scientific advice — 
€75,500 (US$97,500 ) — because it had no policy in place to give 
academic institutions the same 90% discount that it gives small busi- 
nesses. The EMEA did offer a 50% discount, but even so the consor- 
tium had to bow out; it could not afford to work with the agency. 

The EMEA should reconsider this position. It is one thing to charge 
a premium fee to large pharmaceutical companies looking to market 
a new drug with a huge profit potential. But publicly funded insti- 
tutions can no more afford those pre- “Publicly funded 
mium fees than small businessescan. , ~. 

Moreover, the Pharma-Planta consor- institutions can no 
tium wasn’t trying to market anything; more afford premium 
it simply wanted to help the EMEA to fees than small 
develop better regulation and guide- : " 

lines. The EMEA has now published businesses can- 
improved guidelines, albeit with limited input from Pharma-Planta, 
the leading expert in the field. 

The EMEA should also reconsider the process through which 
it develops its guidelines and regulation. It holds an important 
and influential position in Europe: the overarching guidelines and 
regulations it produces filter down and often inform national rules 
across the continent. The EMEA must be more proactive in devel- 
oping guidance on up-and-coming technologies — especially on 
new and controversial ones such as transgenic-plant-derived phar- 
maceuticals — rather than waiting for others to point out that new 
rules are needed. 7 
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Night vision 

Cell 137, 356-368 (2009) 

In most mammalian cells, densely packed DNA 
is situated near the perimeter of the nucleus, 
whereas looser regions containing more active 
genes cluster towards the centre. Jochen Guck 
of the University of Cambridge, UK, Boris Joffe 
at Ludwig-Maximilian University in Munich, 
Germany, and their colleagues found that in 
mouse rod cells — light-receptor cells of the 
eye — this arrangement is reversed. 

An analysis of 38 other mammalian species, 
including the colugo Galeopterus variegatus 
(pictured), revealed that the inverted 
arrangement is associated with a nocturnal 
lifestyle. In mouse rod cells, the arrangement 
seems to reduce light scattering. 


Hushing the flush 


J. Clin. Invest. doi:10.1172/JC136806 (2009) 
Niacin lowers disease-causing triglycerides 
and boosts ‘good’ high-density lipoproteins. 
But it also triggers a burning ‘flush’ sensation 
in humans. Robert Lefkowitz and his 
colleagues at Duke University Medical Center 
in Durham, North Carolina, now report that 
niacin's benefits and side effects may occur 
through different pathways mediated by the 
same G-protein-coupled receptor, GPRIO9A. 
When the team exposed human cells 
expressing GPR1O9A to niacin, a protein 
called B-arrestin 1 flocked to the receptor, 
triggering a downstream flood of the 
molecule arachidonate, which causes 
the flushing response. In mice lacking 
f-arrestin 1, niacin improved fatty acid levels 
with minimal flushing. Lefkowitz, founder 
of a company seeking drugs targeting 
G-protein-coupled receptors, suggests the 
results could help scientists to find treatments 
with niacin’s benefits but no flush. 


Network effects 


Ecol. Lett. 12, 420-431 (2009) 
Networks of protected areas have 
become a key conservation tool, but 
little is known about how climate 
change will affect them. 

A team led by Stephen Willis of 
Durham University, UK, modelled 
the distribution of all of sub- 
Saharan Africa's breeding birds with 
respect to the Important Bird Areas 
network. The researchers calculated 
species’ climate envelopes under 
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the predictions of the 2001 third assessment 
report of the Intergovernmental Panel on 
Climate Change. 

They found that species distributions will 
change drastically in the network's areas, 
which make up 7% of the continent and cover 
42 countries. However, most of the 815 birds 
considered ‘priority species will still finda 
home somewhere within the network. Only 
seven or eight such species are predicted to 
lose all suitable climate from the network. 


China needs women 


Br. Med. J. 338, b1211 (2009) 
Analysis of a 2005 census suggests that, in 
China’s under-20 age group, there are almost 
33 million more males than there are females. 
Therese Hesketh of University College 
London and her colleagues pin the heightened 
sex ratio (the number of boys in each age 
group for every 100 girls) on sex-selected 
abortions starting with the introduction of 
low-cost ultrasound in the late 1980s. 
The study extrapolates from a survey of 
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nearly 4.8 million people in the under-20 

set — covering 1% of this population across 
all of China’s provinces. The authors show the 
nationwide sex ratio rising from 108 in the 
late 1980s to 124 in the 2000-2004 period. 
Male-biased births were highest for rural 
families who were allowed a second child 
after having a girl. 


Connecting dementias 


Neuron 62, 42-52 (2009) 
Neurodegenerative diseases do not sow 
destruction randomly in the brain, but 
progress along defined and predictable 
neuronal networks, according to new 
imaging work. 

William Seeley of the University of 
California, San Francisco, and his colleagues 
imaged the brains of patients with five 
different clinical dementias — including 
Alzheimer’s disease — which can arise from 
different molecular pathologies. 

The researchers traced intrinsic 
connectivity networks — such as that involved 
in episodic memory — in the brains of 
healthy controls, and compared them 
with data from each patient group. 
They found that each type of dementia 
targets a different neural network. 


Magnetic clocks 


PLoS Biol. 7, 1000086 (2009) 

Earth’s magnetic field can 

influence animals’ circadian clocks, 
surprisingly enough through the 
photoreceptor cryptochrome, which 
is activated by blue light. 


T. LAMAN/NATIONAL GEOGRAPHIC/GETTY 


J.XU/REUTERS 


Because this photoreceptor is known to 
occur in the fruitfly Drosophila, Charlotte 
Helfrich-Férster of the University of 
Regensburg in Germany and her colleagues 
subjected flies to applied magnetic fields 
under both red and blue light. The static 
magnetic fields slowed the flies’ circadian 
clocks, but only in the presence of blue light. 
Flies under red light showed no response. 
Mutant flies overexpressing cryptochrome 
had an even more pronounced response. 

Thus the authors suggest the fly could bea 
model system for cryptochrome-dependent 
magnetic sensitivity — which may be used, 
for example, by migratory birds for compass 
orientation. 


COGNITIVE PSYCHOLOGY 
Bilingual baby talk 


Proc. Natl Acad. Sci. USA 106, 6556-6560 (2009) 
How do babies in bilingual 
households cope with life 
in two languages? New 
work suggests that the 
challenging environment 
may enhance infants’ 
cognitive abilities before 
they even begin to speak. 
Agnes Melinda Kovacs 
and Jacques Mehler of the 
International School for 
Advanced Studies in Trieste, 
Italy, trained 40 infants aged 
7 months from monolingual or 
bilingual households to anticipate a 
visual reward after a spoken cue. When the 
visual reward — a picture of a puppet — was 
shifted from one side of the computer screen 
to the other, bilingual infants were better able 
to adapt to the change and shift their gaze. 
The research indicates an enhancement 
in executive function, a cognitive control 
mechanism that may aid the simultaneous 
acquisition of two languages. 


CLIMATE MODELLING 


Soot and warming 


Nature Geosci. 2, 294-300 (2009) 

Aerosols such as soot and sulphates have a 
significant influence on climate at northern 
mid-latitudes and in the Arctic. 

Drew Shindell and Greg Faluvegi of 
NASAss Goddard Institute for Space Studies 
in New York quantified regional climate 
sensitivity to carbon dioxide, ozone, sulphate 
and black carbon, or soot, using a coupled 
ocean-atmosphere climate model. 

Comparing their results to observed 
twentieth-century temperature trends, they 
calculated that greenhouse gases and ozone 


alone cannot explain rapid warming in the 
north. Declining levels of sulphates, which 
cool temperatures by reflecting sunlight, 

and rising levels of soot, which absorb solar 
radiation, probably account for as much as 
45% of the observed Arctic warming over the 
past three decades, they say. 


EVOLUTION 


Bitter apple 


Proc. R. Soc. B doi:10.1098/rspb.2009.0355 (2009) 
In spring, aphid larvae emerge from eggs laid 
on host plants and head for the leaves to feed. 
But, for at least one aphid species (Dysaphis 
plantaginea), those whose parents laid eggs 
on apple tree (Malus pumila) hosts with red 
leaves in the autumn do less well than those 
laid on trees with yellow or green leaves. 
Marco Archetti of the University of Oxford, 
UK, says that this supports the 
theory that red leaves serve 
as an ‘honest’ signal to 
insects warning against 
such factors as robust 
chemical defences. 
Domesticated apple 
trees were selected for 
nice fruit, not insect 
resistance, and as such 
should not advertise 
defences they have not 
retained. Accordingly, 
Archetti finds that 
domesticated apples rarely have 
red leaves in autumn. There might 
even bea direct trade-off; red-leaved trees 
make smaller, less palatable apples. 


MICROBIOLOGY 


Colony collapse cured? 


Environ. Microbiol. Rep. 1, 110-113 (2009) 
Bee-keepers and the crop producers they 
serve have been plagued worldwide by the 
mysterious disappearance of the European 
honeybee Apis mellifera. Various causes have 
been touted for this ‘colony collapse disorder’, 
including pesticide use, viruses and mites. 
Mariano Higes of the Regional Apiculture 
Center in Marchamalo, Spain, and his 
collaborators had previously fingered a 
gut-infecting fungus, Nosema ceranae, as a 
suspect. More recently, while studying two 
embattled Spanish apiaries 750 kilometres 
apart, they found N. ceranae to be the only 
likely suspect. Moreover, at these apiaries, 
the fungicide fumagillin halted colony 
collapse and cleared the infection from 
existing colonies. Although these results are 
promising, N. ceranae may not be to blame 
for all cases of colony collapse. 
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RESEARCH HIGHLIGHTS 


JOURNAL CLUB 


Dave Featherstone 
University of Illinois at Chicago 


Aneuroscientist argues for 
a broader approach to brain 


mapping. 


Efforts to map all of the 
connections between the brain's 
neurons — known as synapses 

— are gathering momentum. 
Neural ‘wiring diagrams’ have even 
garnered a label: the ‘connectome’. 
But | worry that the connectome 
will be a waste of time and money, 
and that we'll eventually need to 
redo the whole thing. 

Why am |so negative? Although 
the connectome is ambitious, it's 
not ambitious enough. As currently 
envisioned, it ignores most brain 
cells as well as possible functional 
connections between those cells. 

Although you wouldn't know it 
from all the attention they receive, 
neurons are a relatively minor 
type of brain cell, making up less 
than 10% of the human brain. 

And synapses between neurons 
make up only a small subset of all 
possible functional connections 

in the brain. Most brain cells are 
actually glia, which have long been 
neglected by neuroscientists owing 
to their lack of electrical signalling. 
But glia are increasingly being 
recognized as having important 
roles in brain function. 

For example, consider the recent 
study of adenosine and sleep led 
by Philip Haydon and Marcos Frank 
at the University of Pennsylvania 
in Philadelphia (M. M. Halassa 
et al. Neuron 61, 213-219; 2009). 
Adenosine binds to receptors 
on neurons, thereby regulating 
neuronal signalling. Interestingly, 
adenosine seems to represent 
‘sleepiness’: it accumulates during 
wakefulness and dissipates during 
sleep. Where does it come from? 

It is generated from adenosine 
triphosphate (ATP), whichis 
secreted by astrocytes — a major 
type of glia. 

Therefore, if we want to map 
the functional brain connections 
controlling sleep, we need to include 
glia and the extracellular space 
between glia and neurons. If we're 
going to understand brain function 
by mapping the brain, we need to 
include most of the brain in our map. 


Discuss this paper at http://blogs. 
nature.com/nature/journalclub 
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Still strict on stem cells 


Even some Bush-approved cell lines could be denied federal funding. 


US stem-cell researchers are applauding draft 
guidelines released by the National Institutes 
of Health (NIH) last week to govern federally 
funded research on human embryonic stem- 
cell lines. Some, however, say the provisional 
rules are still too restrictive because they would 
exclude lines derived from embryos created for 
research purposes. 

The provisional rules come 39 days after 
President Barack Obama signed an execu- 
tive order freeing up federal money for such 
research. They would limit federal funding to 
work on stem-cell lines derived from embryos 
created by in vitro fertilization (IVF) solely for 
reproductive purposes, and no longer needed 
for that purpose. Researchers would have to 
document that parents had voluntarily donated 
the embryos, without inducements and with- 
out researcher influence. 

Disappointingly for some researchers, the 
guidelines explicitly disqualify from funding 
any stem-cell lines derived from embryos cre- 
ated for research purposes, whether by stand- 
ard IVF methods or by somatic-cell nuclear 
transfer. The draft guidelines also forbid fund- 
ing for lines derived through parthenogenesis, 
a form of asexual reproduction in which an 
unfertilized egg is developed into an embryo. 

The guidelines, if adopted as issued last 
week, could create an immediate problem for 


researchers already working on the score of 
lines approved for federal funding in August 
2001 by former president George W. Bush. Of 
those lines, “not all are likely to be eligible for 
continued federal funding” under the new draft 
guidelines, says Thomas Murray, president of 
the Hastings Center, a bioethics think tank in 
Garrison, New York. “I would counsel the NIH 
to consider creating an exception for these cell 
lines if they continue to have very significant 
scientific value,” he says. 

Others go further. The agency’s informed 
consent requirements are “fine going forwards. 
But I think they are going to have to loosen 
those expectations a little bit for [all] pre- 
existing lines,” says Sean Morrison, director 
of the University of Michigan Center for Stem 
Cell Biology in Ann Arbor. 

The NIH is publishing its proposed guide- 
lines this week in the Federal Register, kick- 
ing off a 30-day public comment period. It has 
until 7 July to finalize the guidelines. 

“This represents a great expansion in oppor- 
tunity for scientists doing research in this field? 
says Raynard Kington, acting director of the 
agency based in Bethesda, Maryland. Defend- 
ing its decision to exclude lines derived from 
embryos created for research purposes, he says: 
“We don't believe that there is yet even consen- 
sus within the scientific community that would 


An embryonic stem cells — made to be born? 


warrant going to the next step.” 

Once the guidelines are finalized, the agency 
will periodically revisit them to see if adjust- 
ments are needed to reflect evolving science. 

The NIH estimates that more than 760 
human embryonic-stem-cell lines exist, and 
Kington says he expects “many” will meet the 
final eligibility standards. 

Review and funding of current applica- 
tions for stem-cell research proposals will be 
deferred until the final guidelines are issued. 
At that point, researchers will have the oppor- 
tunity to modify their applications to comply 
with the guidelines before funding decisions 
are made. 


Pharmaceutical companies join forces on HIV 


GlaxoSmithKline (GSK) and 


sales are slowing. Pfizer, based in 


A key benefit for the parent 


Squibb. Approved by the US Food 


Pfizer plan to merge their HIV 

drug divisions in an unusual move 
designed to shore up their poor 
market positions. The marriage will 
create anew company, yet to be 
named, which will use the existing 
research and market portfolios of 
the parent companies to develop 
new combination drugs, the 
mainstay of HIV treatment. 

“The fact that GSK needs a 
partner reflects its weakness in 
this market," says Holger Rovini, an 
analyst at consultancy Datamonitor 
Healthcare in London. Although 
London-based GSK has a much 
greater share of the anti-HIV drug 
market than Pfizer, its drugs are 
nearing patent expiration and 
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New York, has a smaller market 
presence, but owns a healthier 
pipeline of candidate HIV drugs. 

The venture will start with a 19% 
share of the US$12.3-billion global 
HIV treatment market and a pool 
of 17 drug entities — including six 
new molecules — to trawl for new 
combinations. It will carry out HIV 
drug discovery by contracting out 
from GSK and Pfizer's in-house 
research and development arms, 
and will be able to negotiate 
exclusive rights to any new HIV- 
related compounds developed by 
either company. The venture will 
also be free to seek out its own 
research and licensing deals from 
other companies. 


companies is that they will share the 
risk of pipeline drugs failing and get 
ready access to new compounds. 
GSK will own 85% of the shares 

in the new company, with Pfizer 
taking the remaining 15%. Profits 
from fruitful combinations would 

be shared as company stock, with 

a weighting applied depending on 
which parent company provided the 
active compounds. 

The new company will be hoping 
to create a drug combination to 
rival the blockbuster anti-HIV 
combination Atripla, created by 
teaming two drugs made by Gilead 
Sciences of Foster City, California, 
with efavirenz, a compound owned 
by New York-based Bristol-Myers 
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and Drug Administration in 2006, 
Atripla marked the first time that 
anti-HIV drugs owned by different 
companies had been united into a 
single product. The combination 
helped to push Gilead's worldwide 
sales of HIV drugs to US$4.3 billion 
last year, almost double GSK's HIV 
drug sales of $2.4 billion. 

The GSK-Pfizer venture 
reinforces the importance of 
sharing intellectual property to 
tackle HIV, says Ellen 't Hoen, 
asenior adviser on intellectual 
property at UNITAID, an 
international drug-purchase 
facility hosted by the World 
Health Organization in Geneva, 
Switzerland. 't Hoen is leading 
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Mark Kay, a geneticist and stem-cell 
researcher at Stanford University School 
of Medicine in California, says he would 
have liked to see the guidelines embrace 
stem cells derived outside the reproductive 
context. Still, he says, the draft effort “is a 
step in the right direction”. 

Meri Firpo, who uses stem cells in diabe- 
tes research at the University of Minnesota 
in Minneapolis, says that “there are issues 
that probably need clarifying”. Among 
them, she says, is whether lines derived 
from embryos created from donated sperm 
or ova would qualify. They do not under 
guidelines adopted in the past by the US 
National Academies. 

Meredith Wadman 


UNITAID's plan to launch a ‘patent pool’ 
by the end of this year that would allow 
multiple companies to license their anti-HIV 
drugs in return for royalties. This initiative 
would speed up the development of new 
antiretroviral combinations, she says, by 
providing access to a broader range of drugs 
than the GSK-Pfizer alliance affords. 

Last year, Swiss company Roche 
abandoned its HIV research altogether, 
but GSK has denied speculation that the 
new venture is a prelude to its HIV division 
being sold off. “Both GSK and Pfizer are 
focused on building a business that has a 
profitable and sustainable long-term future,” 
says Janet Morgan, director of UK science 
communications at GSK. “This transaction 
is about creating a stronger combined 
business, not about an ‘exit strategy’.” 
Declan Butler 


Forests could flip from 
carbon sink to source. 


Fees delay pharmed drug 


Human tests ofa potent antibody against 
HIV have been delayed by up toa year 
because of wrangling over the application 
to run a clinical trial in Europe, Nature has 
learned. 

The consortium behind the project, 
which uses genetically modified (GM) 
tobacco plants to make the monoclonal 
antibody 2G12, now hopes to make its 
application in June. If approved, it will 
be the first academic-led clinical trial in 
Europe of a drug produced in a GM plant. 

The Pharma-Planta consortium of 
28 academic institutions and 4 small 
companies was awarded €12 million 
(US$15.6 million) in 2004 by the European 
Commission to carry out a five-year project 
to develop plant-derived pharmaceuticals 
for HIV, rabies and tuberculosis. One of 
the project’s goals is to help improve the 
regulations that govern the production of 
drugs in plants, a potentially cheaper and 
more efficient technique than conventional 
manufacturing methods. 

Internationally, only a handful of clinical 
trials of such drugs are under way, and 
there are currently no plant-pharmed 
drugs on the market. Scientists 
hope that improving the 
regulations will help to stimulate 
‘pharming’ research in Europe. 
“Establishing regulation at an 
early stage is critical for new 
technologies,” says Julian Ma, a molecular 
immunologist at St George’s Hospital 
Medical School, University of London, UK, 
and leader of the consortium. 

In 2006, the team approached the 
European Medicines Agency (EMEA), 
which grants permission for marketing 
medicinal products in Europe, to discuss 
their project. “No one in Europe had made 
any decisions about molecular pharming, 
and the EMEA needed to develop 
overarching guidelines so that there is 
uniformity across Europe,’ Ma says. 

But the group soon hit a roadblock. The 
EMEA insisted that any further meetings 
and discussions would be classed as formal 
scientific advice sessions, which at the 
time they provided for a fee of €35,000. 
“For an academic consortium that is 
publicly funded, this fee is astronomical 
and unaffordable,” says Ma. The EMEA’s 
scientific advice is sold to prospective 
applicants seeking marketing approval for a 
product, to help them ensure they meet the 
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agency’s safety and quality requirements. 
That advice does not guarantee that 
applications will be successful. 
In contrast, the Medicines and Healthcare 
products Regulatory Agency (MHRA), 
the UK body responsible for ensuring the 
quality and safety of medicines and devices, 
charges up to about £4,600 (US$6,700) for 
similar advice, whereas the US Food and 
Drug Administration levies no charge. 
Although the EMEA provides a 90% 
discount for small companies, it has no such 
policy for universities. After negotiating 
with the consortium, the EMEA agreed 
in 2008 to grant a 50% discount — onan 
increased advice fee of €75,500, which came 
into effect on 1 April this year. 
The researchers chose not to pay the 
fee, and focused on developing guidelines 
with the European Food Safety Authority 
on risk assessment of drugs produced by 
GM plants, which the authority expects 
to publish in the next few months. The 
consortium also sought scientific advice 
from the MHRA, to which they now intend 
to submit their clinical-trial application. 
The EMEA did not answer Nature’s 
specific questions about their 
interactions with Pharma-Planta, 
but confirmed in a statement that 
although “there are no specific 
fee reductions for universities”, 
universities could submit a request 
for a fee reduction which will be considered 
and granted “in exceptional circumstances”. 
Since Pharma-Planta approached the 
EMEA, the agency has developed new 
pharming guidelines, which came into 
effect in February 2009. Unlike previous 
regulations, these account for the fact that 
the conditions for growing drugs in plants 
are intrinsically variable, and so the same 
standards of drug manufacture expected 
of cell-culture and fermentation systems 
cannot apply. But university researchers 
still face the EMEA’ fees if they want advice 
on pharming projects, which Ma believes 
is a significant barrier to translating future 
academic research in the area. 
Marc van Montagu, the president of the 
European Federation of Biotechnology, 
says it is “essential” that the EMEA reduces 
its fee for universities. “The EMEA is 
blocking developments in this area with their 
exorbitant bill,’ he says. 
Natasha Gilbert 
See Editorial, page 946. 
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High hopes for 
US patent reform 


Lawmakers may be nearing agreement on how to fix the 
nation's crumbling patent system, reports Heidi Ledford. 


States Patent and Trademark Office 

(USPTO) for 19 years. As an examiner 
in the field of immunology, he has scrutinized 
more than 1,000 patent applications, ranging 
from HIV vaccines to antibody therapies. For 
each patent, he has roughly 20 hours to read the 
application, search through databases to check if 
someone else has come up with the idea before, 
and write a 20-page report on his findings. It’s 
like being back in school, he says from the patent 
office’s gleaming headquarters in Alexandria, 
Virginia, “except that nearly every day I have to 
write a term paper from scratch” One year, he 
says, he worked for six months without a day off 
so that he could keep up with his workload. 

The USPTO stands at the centre of a patent 
system in crisis. Examiners labour under a 
quota system that was developed in 1976, dur- 
ing a simpler technological era. Today, these 
quotas force examiners to race through appli- 
cations in a system that, critics say, grants all 
too many obvious or overlapping patents. Yet 
the backlog of unexamined patents continues 
to grow, climbing from around 470,000 in 2003 
to about 770,000 in 2008. During the same 
period, patent applications increased from 
about 355,000 to 495,000 a year (see graph). 
Applicants must wait about 2 years before their 
patent is reviewed — particularly troublesome 
to start-up companies who rely on patents for 
financial leverage. It is hardly surprising that 
the USPTO is haemorrhaging staff: a 2007 
survey found that for every two examiners the 
office hired, one left the organization. 

But after years of failed attempts at reforming 
the US patent system, the next few months could 
see its first major overhaul in more than 50 years. 
Two bills to fix the system were introduced in 
early March in the Senate and the House of Rep- 
resentatives; similar bills have previously failed 
to win approval, but experts say there is a real 
chance this year that the legislation will pass. 

Democrat and Republican lawmakers alike 
have long supported patent reform in princi- 
ple, but previous legislation failed because of 
competing interests from two camps that stand 
to win or lose the most from patent reform. 
On one side stand those who rely on strong 
patents to protect their significant investments 


Res Budens has worked for the United 
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in research and development — including 
universities, biotechnology companies and the 
pharmaceutical industry. 

On the other side are many technology busi- 
nesses, including microelectronics, information- 
technology and software firms, who feel trapped 
ina thicket ofincremental and sometimes low- 
quality patents. For these sectors, in which a 
single product may contain more than 100 pat- 
ented components, patents are often considered 
anuisance. Infringement ofa patent, even when 
unintentional, leaves companies vulnerable to a 
lawsuit. There is also a small but growing indus- 
try of ‘patent trolls’ who buy obscure patents for 
the sole purpose of suing infringers. 

So the technology industry has lobbied 
Congress to change how monetary awards are 
calculated in patent lawsuits, suggesting that 
juries should take into consideration the rela- 
tive contribution ofa patent to the value of the 
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finished product. As included in earlier ver- 
sions of the congressional bills, this stipulation 
could reduce the damages paid in a lawsuit over 
a piece of consumer electronics, for example. 
But a study released this year — commis- 
sioned by the Manufacturing Alliance on Pat- 
ent Policy, a coalition of industries campaigning 
against the changes — claimed that the bills 
could devalue US patents by as much as $85.3 
billion, making companies less likely to invest in 
research and development, possibly resulting in 
the loss of up to 298,000 manufacturing jobs. 
The argument over damages has been a 
barrier to patent reform in the past, contribut- 
ing to the downfall of two patent reform acts 


© 2009 Macmillan Publishers Limited. All rights reserved 


The US Patent and Trademark Office: welcome to 


patent mountain. 


introduced as recently as 2005 and 2007. To 
avoid this happening again, the Senate judi- 
ciary committee removed the damages pro- 
posal from the latest bill on 2 April, and voted 
in favour of the legislation by 15 to 4. The bill 
will now face a vote by the full Senate, and the 
House of Representatives must also approve 
the measure for the reform to be enacted. 

Those opposed to the damages provision say 
its removal is a major breakthrough in moving 
patent reform closer to reality. “We believe the 
committee's product breaks the logjam on the 
major issues that have held up patent reform 
for the past several Congresses, and will clear 
the path for a bill to be completed without 
undue delay,’ says James Greenwood, president 
of the Biotechnology Industry Organization in 
Washington DC. 

But some felt that the damages provision was 
a key reform. Mark Lemley, a professor of law at 
Stanford University in California, and a patent 
attorney who has represented companies from 
the information technology and biotechnology 
sectors, argues that the measure would have had 
little effect on universities and the pharmaceuti- 
cal industry, yet would have relieved some pres- 
sure from excessive lawsuits in the technology 
sector. “It's the right solution,” he says. “The goal 
of the measure is not to reduce damages, the 
goal is to make sure the damages are in line with 
what the value of the patent actually is.” 

Supporters of damages reform may have to 
rely on the judicial system for change: an ongoing 
lawsuit over how damages were apportioned 
ina case between Lucent Technologies and the 
computer manufacturer Gateway is likely to be 
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heard this summer, and could set a new legal 
precedent for how such awards are determined. 
“Right now, what we really need to do is to fix 
our patent office,” says Arti Rai, a professor 
of law at Duke University in Durham, North 
Carolina. “I hope that goal doesn’t get held up 
by the debate over damage apportionment.” 


Changes afoot 

Abandoning the controversial damages pro- 
vision may have freed lawmakers to approve 
much-needed but less-contentious changes to 
the USPTO. One long-awaited change would 
bring US patent law into alignment with that 
in other regions, including Europe and Japan, 
allowing the office to issue patents based on 
who first filed the application, rather than on 
who first came up with the invention. Another 
uncontroversial move is to give the patent office, 
as opposed to Congress, the ability to set its own 
fees. But the legislation does not guarantee that 
the office will be allowed to keep the fees, which 
are used to fund its operations, notes Rai. The 
USPTO’s budget — $1.92 billion in 2008 — has 
been increasing steadily over the past few years, 
but between 1992 and 2000, lawmakers diverted 
$750 million in fees away from the office to fund 
other programmes. 

Improving patent quality is an important 
goal for the US system. Examples of spurious 
patents, such as that of an 8-year-old boy who 
was awarded a patent for his method of swing- 
ing on a swing, highlight the problem that some 
companies face when obvious methods or prod- 
ucts are deemed patentable. “The quality of the 
examination process is perceived as being much 
lower in the US patent office than the Euro- 
pean Patent Office,” says economist Bruno van 
Pottelsberghe of the Free University of Brussels. 


One reason for this discrepancy, says van 
Pottelsberghe, is that the USPTO is not well 
funded relative to the large caseload it carries. 
Economist Scott Shane of Case Western 
Reserve University in Cleveland, Ohio, author 
of the 2009 study that analysed the likely impact 
of the reforms on behalf of the Manufactur- 
ing Alliance on Patent Policy, believes that the 
solution to the patent problem is simple: “Stop 
starving the patent office.’ Additional funding 


programme, this is only part of the problem. 
“Tt’s really asking patent examiners to do an 
impossible job by being experts across all of 
these different technologies,” says Josh Lerner, 
an economist at Harvard Business School in 
Boston, Massachusetts. “The only real solution 
is to open up the process to get more input 
from the outside.” 

The US patent system limits outside input, 
and that is also why the quality of US patents 
has suffered, says economist Dietmar Harhoff 
of Ludwig Maximilians University in Munich, 
Germany. There is more interaction between 
patent examiners and applicants in Germany, 
and a post-grant examination process allows 
others to challenge a recent patent without filing 
a lawsuit. Some 7% of German patents are chal- 
lenged, and a third of those are then revoked. 
“These are cases that will then never cause a 
litigation problem,” says Harhoff. The proposed 
US patent-reform legislation would create a 
similar post-grant challenge procedure. 

The USPTO launched a voluntary pilot 
programme in 2007 in which patent applica- 
tions are posted online for comment on an 
independent website called Peer-to-Patent. 
The office notified 22,000 eligible patent 
applicants about the programme, but only 143 
volunteered. Of those applications, 56 have 
since received at least some official review at 
the office; 7 of these were rejected based on 
prior discoveries unearthed by ‘peers’ that 


would, in theory, letthe USPTO 5 . 
recruit more examiners, lessen 
the workload on each examiner, 
and increase the quality of the 
examination process. 

But a push to improve the 
quality of review may have had 
unwanted consequences. The 
USPTO has decreased the rate at 
which it approves patent appli- 
cations from more than 70% in 
2000 to 42% in the first quarter 
of 2009. The office receives about 
50% of its income from patent 
issuance and maintenance fees. 
This drop in funding, coupled 
with a decline in patent appli- 
cations owing to the ongoing 
worldwide economic crisis, has 
left the USPTO with a budget 
crisis. In response, the agency has instituted a 
hiring freeze, curtailing its programme to hire 
1,200 additional employees each year. 

Meanwhile, working conditions at the agency 
have posed a problem for employee retention. 
Two-thirds of the examiners who left cited the 
agency's production quotas as a primary reason 
for their departure. Although the USPTO has 
hired a consultant to evaluate the recruitment 


© 2009 Macmillan Publishers Limited. All rights reserved 


were missed by patent examin- 
ers. Lerner says the patent office 
should make participation in 
the programme mandatory, 
but there are also concerns that 
some industries — notably the 
biotechnology and pharmaceu- 
tical sectors — would not sup- 
port discussion of their patents 
in an open forum. 

The USPTO could maximize 
its use of limited resources by 
focusing its efforts on patents 
that are more likely to be trou- 
blesome, says Lemley. Only a 
small percentage of patents are 
ever litigated, and these are most 
frequently in the software and 
telecommunications industries, 
he has found. In-depth searches 
for ‘prior art’ — evidence that the invention has 
already been patented or is obvious and does 
not deserve a patent — could be focused on 
these problem areas. “So an 8-year-old gets a 
patent for swinging a swing,” says Lemley. “It 
makes the news and everybody mocks it, but 
he’s not going to sue anybody. Maybe it’s not so 
bad that we didn’t spend more money looking 
for prior art on that one.” 
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India's electioneers make 
bold pledges on science 


Major parties back climate plan, but differ on nuclear policy. 


Science features prominently in the manifestos 
of the main political parties contesting India’s 
month-long general election, which began on 
16 April. 

The battle mainly involves two coalitions: the 
ruling left-of-centre United Progressive Alliance 
(UPA), led by the Indian National Congress 
(INC) party, and the National Democratic Alli- 
ance (NDA), led by the nationalist Bharatiya 
Janata Party (BJP). A third group made up 
of regional and Communist parties also has 
growing support. The five rounds of elections 
to select the 543 members of the Lok Sabha (the 
lower house of parliament) will last until 13 May, 
with the winners announced on 16 May and the 
new government taking power by 2 June. Poll- 
sters predict that no party will win an absolute 
majority and expect another coalition govern- 
ment, with current prime minister Manmohan 
Singh in the frame to serve a second term. 

Election promises made by the leading par- 
ties often fail to materialize, says physicist 
and former science minister M. G. K. Menon, 
although there have been significant excep- 
tions in the past. “India’s big leap in informa- 
tion technology today,’ he told Nature, “is the 
result of an election promise by the BJP in 1999, 
which was fulfilled during its rule.” 


During his five years in government, Singh 
has often emphasized the importance of sci- 
ence to the country’s development. Singh’s INC 
party has already committed to creating new 
Indian Institutes of Science Education and 
Research, and promises to continue its renewal 
of science and technology infrastructure “to 
attract and retain the best talent from India and 
abroad’, according to its election manifesto. 

But Thirumalachari Ramasami, who is 
secretary of the government’s Department of 
Science and Technology, points out that 
although there is no shortage of political 
support for science in India, a key hurdle for 
further development is simply a lack of scien- 
tists. “We require people with ideas,” he says, 
“but where are the people?” 

Government spending on science research 
now stands at about 0.9% of gross domestic 
product, and is expected to rise to about 2% 
by 2012, says Krishnaswami Kasturirangan, 
who headed the Indian Space Research 
Organisation in 1994-2003 and who is nowa 
member of the upper house of parliament, the 
Rajya Sabha. Kasturirangan believes that the 
growth in India’s science spending is likely to 
continue towards that target whichever party 
wins power. 


The BJP says that it aims to create funding 
mechanisms to promote basic research, 
although detailed plans have yet to be released. 
Citing biotechnology and materials science as 
priority areas, the party also promises to set 
up autonomous organizations to facilitate tech- 
nology transfer from universities and national 
laboratories to industry, while giving aca- 
demic institutions more freedom in spending 


SNAPSHOT 
Motion detector 


Satellite radar images are helping to pin down the origins of the magnitude 

6.3 earthquake that devastated the Italian town of L'Aquila on 6 April. 
Data taken before and after the quake by the Advanced Synthetic 

Aperture Radar instrument on the European Space Agency's Earth- 


monitoring satellite, Envisat, have been used to create an interferogram of 
the region (pictured). Each coloured fringe corresponds to 28 millimetres 
of ground motion, and shows that the ground east of the fault (shown) has 
risen while the basin containing L'Aquila has sunk. Geologists from the 
Institute for Electromagnetic Sensing of the Environment, part of the Italian 
National Research Council, and the National Institute of Geophysics and 
Volcanology in Rome produced the first interferograms of the site. 

Richard Walters and John Elliott of the University of Oxford, UK, 
have now used the same data to model the earthquake, and concluded 
that the fault line ruptured for about 11 kilometres and slipped by 
about 80 centimetres. 
Lucas Laursen 
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India's voters have begun the month-long process of electing their next government. 


their budgets. The BJP also emphasizes the 
importance of international cooperation, 
saying that it will make science and technol- 
ogy “a key element” in foreign relations. 

One important area where the parties dis- 
agree is the country’s nuclear programme. 
Any shift in political power could have a 
marked impact on current plans for major 
growth in the nuclear energy industry, as the 
BJP intends to reverse the deal struck with 
the United States last year that would allow 
India to import reactors (see Nature 457, 134; 
2009). The party says the deal will reduce the 
independence of India’s domestic nuclear 
programme. Instead, the BJP would give “all 
financial assistance to expedite an indigenous 
thorium technology programme’. 

India owns about a quarter of the world’s 
thorium deposits, around five times more 
than its modest uranium resources. Renewed 
investment in a thorium-based reactor pro- 
gramme would be a welcome development, 
says Padmanabha Krishnagopala Iyengar, 
former chairman of the Indian Atomic 
Energy Commission, who has criticized the 
Indo-US deal for making India too reliant on 
imported fuel and technology. 

Although they diverge on many issues, the 
main coalitions back the National Action 
Plan on Climate Change that was unveiled 


by the Singh government in June 2008. This 
includes plans to boost solar-power capacity, 
shut down inefficient coal-fired power plants 
and raise the area of forest cover in the coun- 
try from 23% to 33%. 

The BJP is also hoping to boost its envir- 
onmental credentials with eye-catching 
proposals to clean the nation’s widely polluted 
rivers, and enlist the help of India’s citizens to 
planta billion trees every year. 

Both the BJP and the INC have pledged 
significant investment in information tech- 
nology (IT), promising to bring broadband 
Internet access to every Indian village within 
three years. The BJP’s manifesto includes 
plans to make computers more affordable 
for students and to link primary health cen- 
tres to a satellite-based national telemedicine 
network that would allow patients in villages 
to have remote consultations with doctors in 
city hospitals. The BJP also says that it will set 
up a Digital Security Agency to deal with the 
rising threat of cyber warfare. 

Although the suite of IT proposals is 
bold, computer scientist Narayanaswamy 
Balakrishnan, associate director of the Indian 
Institute of Science in Bangalore, believes 
they are feasible, “whichever party wants to 
do them”. 

K. S. Jayaraman 
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French life-science 
alliance unveiled 


Ina significant step towards the creation 
ofa single life-sciences research council, 
the French government has forged an 
overarching alliance between the country’s 
major agencies working in the field. 

The National Alliance for Life and Health 
Sciences comprises eight bodies, including 
France’s basic-research agency (CNRS), the 
national biomedical agency (INSERM) and 
the Pasteur Institute, based in Paris. Unveiled 
on 8 April, it will develop and coordinate 
national strategies in the life sciences and 
rationalize overlap between its members. 

Although the structure of the agencies 
themselves will not change, the alliance 
will coordinate the planning for a research 
strategy on ten themes across all agencies. 

In November 2008, an international 
panel of experts, including Elias Zerhouni 
and Harold Varmus, former directors of 
the US National Institutes of Health, and 
Leszek Borysiewicz, head of the UK Medical 
Research Council, reviewed French life- 
science research and concluded that the 
field needs a drastic shake-up. 

Their report criticized the complexity and 
fragmentation of life sciences in France, and 
the proliferation of duplicated programmes 
and regional clusters of research. It 
recommended that a single research council 
be set up for the field, charged with funding 
labs in universities and research agencies. 

The alliance is a key step towards that 
goal, says Pierre Chambon, a member of the 
review panel and the founder and honorary 
director of the Institute of Genetics and 
Molecular and Cellular Biology near 
Strasbourg, France. He argues that a biology 
agency would give the field a stronger voice, 
and that the life sciences should be taken 
out of the CNRS, where it has long played 
second fiddle to the physical sciences. 
Internal government working documents 
have also called for the alliance to be the 
embryo of a life-sciences agency. 

But Alain Trautmann, a cell biologist at 
the Cochin Institute in Paris and former 
spokesman for the lobby group Let’s Save 
Research, bemoans the alliance as evidence 
of a dismantling of the CNRS, calling it “the 
latest avatar created by our apparatchiks”. 

The alliance’s steering group, composed 
of the heads of each member agency, will 
meet monthly to develop the strategy for 
their partnership. 

Declan Butler 
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Australia launches global 
carbon-capture institute 


Australian prime minister Kevin Rudd 

last week launched a government-funded 
initiative to coordinate and accelerate large- 
scale carbon capture and storage (CCS) 
projects worldwide. 

The Global Carbon Capture and Storage 
Institute (GCCSI), based in Canberra, will 
“galvanize global efforts to demonstrate 
and deploy CCS’, Rudd said on 16 April. 
Australia is the world’s leading exporter of 
coal and a big user of the fossil fuel, and will 
fund the GCCSI with up to Aus$100 million 
(US$70.6 million) a year. Support for the 
public-private partnership has already been 
pledged by around 20 governments and 
more than 40 industrial companies. 

GCCSI head Nick Otter said that the 
institute’s first task would be to assess the 
state of mooted large-scale CCS projects 
around the world — financing for many of 
which has been derailed following the global 
economic downturn — in preparation for 


G8 discussions in Sardinia in July. 
For a longer version of this story, see 
http://tinyurl.com/d4a4ux. 


Company offering ethical 
reviews suspends activity 


A US company that provides ethical reviews 
of clinical trials agreed to halt operations 
after being warned by the US Food and 
Drug Administration (FDA) about violating 
federal guidelines. 

The company, Coast IRB of Colorado 
Springs, Colorado, was ensnared by a 
governmental investigation unveiled before 
Congress last month (see Nature 458, 557; 
2009). Investigators submitted a fictitious 
clinical-trial protocol to three independent 
institutional review boards. Two boards 
rejected the protocol, with one member 
calling it “the riskiest thing P’'ve ever 
seen on this board”. But Coast IRB voted 
unanimously to approve the trial. 

On 14 April, the FDA announced that 
Coast IRB would not approve new studies 
or add additional subjects to ongoing 
studies until the agency was satisfied that 
the company had corrected its procedures. 
The company has been warned by the 
FDA before, in 2008, for inappropriately 
expediting review ofa clinical-trial protocol. 


US and Japan to collaborate 
on stem-cell technology 


Rumours ofa potential conflict over 

the exploitation of patents for induced 
pluripotent stem cell (iPS) technology were 
put to rest last week. 
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Germany joins in with maize moratorium 


Germany last week banned the 
cultivation of Monsanto's genetically 
modified maize (corn), MON810 — 
the only transgenic crop approved for 
cultivation in the European Union (EU). 

It joins five other countries — France, 
Austria, Greece, Hungary and Luxembourg 
— that have outlawed the US firm's pest- 
resistant maize despite its approval under 
a legally binding EU directive (see Nature 
457, 946-947; 2009). 

Ilse Aigner, Germany's federal 
agricultural minister, announced the ban 
on 14 April, just days before the crop 


would have been sown. Research minister Annette Schavan called the decision “regrettable”. 
The European Commission says it is analysing the situation. So far, it has not succeeded in 
forcing the other EU countries to reverse their bans because it cannot muster the required level of 


support from its 27 member states. 


For a longer version of this story, see http://tinyurl.com/maizeban. 


IPS technology was pioneered in 2006 by 
Shinya Yamanaka of Japan’s Kyoto University. 
By early 2008, Kazuhiro Sakurada, who had 
also been working on iPS technologies at the 
Kobe-based drug company Bayer Yakuhin, 
left Japan to head research at iZumi Bio — a 
biotech firm focused on commercializing iPS 
technology in San Francisco, California. Last 
spring, Japanese newspapers warned that 
Sakurada might try to claim patent rights to 
the technology, which can turn ordinary cells 
into an embryonic-like state that could be 
useful for research and therapy (see Nature 
453, 962-963; 2008). 

But on 14 April, iZumi Bio announced 
a collaboration with Kyoto University to 
develop methods for using iPS technologies 
for drug discovery and therapy. 


Jailed Iranian AIDS 
doctors lose court appeal 


A court in Iran has rejected an appeal by 
the two Iranian HIV researchers charged 
with collaborating with the United States to 
overthrow the government. 

Physicians Kamiar Alaei and his brother 
Arash Alaei were sentenced to prison 
terms of three and six years, respectively, in 


ei 
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Arash Alaei will remain in prison after his appeal 
was rejected. 
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December 2008 (see Nature 457, 517; 2009). 
The court rejected their appeal on 18 March 
but the news became public only last week. 

The brothers’ trial and convictions have 
been widely condemned by human-rights 
groups. Their lawyer, Masoud Shafie, 
intends to make a final appeal by 7 May to 
Iran’s judiciary chief, Ayatollah Mahmoud 
Hashemi Shahrudi. 

A ‘Global Day of Actior’ in support of 
the Alaeis will be held on 12 May and is 
likely to include vigils at Iranian embassies 
worldwide. 


US medical institute 
invests in undergraduates 


The Howard Hughes Medical Institute 
(HHMI) is offering up to $85 million in 
grants to further undergraduate science 
education at the United States’ top research 
universities. 

The HHMI, which is the largest private 
funder of biomedical research in the United 
States, last year dedicated $60 million for 
science teaching at liberal arts colleges. 
Now, the institute is awarding individual 
grants of up to $2.2 million over 4 years for 
proposals from 197 of the nation’s most 
research-intensive institutions. 

Schools must register their interest by 
14 May, but have until 1 October to apply for 
the grants, which should focus on student 
research, faculty development, curriculum 
development or community outreach. 

Asa supplement to these institutional 
grants, applicants may also compete for 
awards of up to $600,000 to test experimental 
approaches to tackling specific science 
education challenges. “We want to encourage 
faculty to try new things,” says David Asai, 
director of the HHMI’s undergraduate grants 
programme. “It’s hard to anticipate the kinds 
of ideas that may come forward.” 
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PHONING IN DATA 


Far from being just an accessory, mobile phones are starting to be used to collect data in 
an increasing number of disciplines. Roberta Kwok looks into their potential. 


hen Martin Lukac felt a small 
earthquake rattle his Los Ange- 
les apartment, he immediately 
thought of the mobile phone 
lying on his desk. Two weeks earlier, he had 
programmed the phone to capture read- 
ings from its built-in accelerometer, a sensor 
originally intended to support features such 
as games. Now, Lukac — a doctoral student in 
computer science at the University of Califor- 
nia, Los Angeles — transferred the phone's data 
to his computer and saw the 
readings plotted as a series of 
tell-tale spikes. Success! His 
phone had become a mobile 
seismometer. 
Such moments are hap- 
pening more and more often 
these days, as researchers 
seek out innovative ways 
to exploit mobile phones. 
The opportunities are 
tantalizing. Phones 
are increasingly being 
equipped with not only 
accelerometers, but also 
cameras, Global Posi- 
tioning System (GPS) 
receivers and Internet 
connectivity. Many 
of them can support 
programs devised by 


anyone, not just the phone’s manufacturer, 
which means that digitally savvy scientists can 
write and distribute mobile-phone software for 
everything from monitoring traffic to reporting 
invasive species. 

And perhaps best of all for the budget-con- 
scious researcher, the phones are almost ubiq- 
uitous. There are now about six mobile phone 
subscriptions for every ten people in the world, 
according to a March report’ from the Inter- 
national Telecommunication Union, based in 
Geneva, Switzerland. And the GSM 

Association, a mobile- 
communications 
industry trade group, 
announced in Febru- 
ary that the number of 
mobile-phone connec- 

tions worldwide had hit 4 

billion and was expected 

to reach 6 billion by 2013. 

“We've really never 

had a technology other 
than human observation 
itself that is as pervasively 
deployed out in the world,’ 
says Deborah Estrin, Lukac’s 
adviser and director of the 
Center for Embedded Net- 
worked Sensing (CENS) at 
the University of California, 
Los Angeles. 
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Despite the challenges in harnessing mobile 
phones, including privacy protection and 
unpredictable data flow, projects such as 5 
Lukac’s are starting to emerge in a number of © 
disciplines, from medical imaging to human 
behaviour. 


HUMPHRIES 


ILLUSTRATIONS BY D. 


Location, location, location 

One of the most enticing features of mobile 
phones for researchers is GPS, which uses 
satellite data to pinpoint a phone’s location. 
Once mobile phones got GPS, says Quinn 
Jacobson, a computer engineer at the Nokia 
Research Center in Palo Alto, California, they 
suddenly had an “‘awareness’ of where they 
were in the world”. 

This makes mobile phones a natural tool to 
study road traffic, says Alexandre Bayen, a sys- 
tems engineer at the University of California, 
Berkeley, who is collaborating with Jacobson. 
Today, Bayen says, traffic is often monitored 
with equipment such as cameras, radar and 
sensors embedded in the pavement. But 
mobile phones could provide a cheaper way 
to collect the information, because scientists 
can piggyback on the phone companies’ exist- 
ing communications infrastructure. There's no 
need to “send a crew with a truck to dig a hole 
in the highway’, says Bayen. 

In November last year, Bayen’s team launched 
Mobile Millennium: a project to generate real- 
time traffic estimates with GPS-enabled mobile 
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phones in a region near 
San Francisco. Volunteers 
download the software and 
transmit their position and 
velocity to a central computer 
system. The system combines 
the phone data with histori- 
cal records and other sensor 
readings, reconstructs traffic 
flow in the area, and sends the 
results, suitably anonymized, 
back to the user’s phone for dis- 
play. So far, the software has been 
downloaded about 4,500 times, 
says Bayen, and the team hopes to 
recruit 10,000 users. 

Because mobile phones can 
travel into areas that lack other sen- 
sors, they are revealing traffic flow on 
smaller, previously unmonitored roads outside 
the highway system. “For the first time, we're 
seeing very rich data on these types of roads,” 
says Jacobson. The team conducted a pilot 
study with 100 cars driving 10-16-kilometre 
loops in February last year and found that 
the phones captured velocity patterns similar 
to those obtained by underground sensors, 
including the congestion resulting from a five- 
car accident’. When mobile-phone data are 
fused with other sensor data, 
“you can get enormous gains 
in accuracy’, says Bayen. 

The idea of using mobile- 
phone data to monitor traffic 
is not new, but Mobile Millen- 
nium has managed larger-scale 
deployment than most aca- 
demic research efforts, says Jean-Luc Ygnace, a 
research engineer at the French National Insti- 
tute for Transport and Safety Research in Bron. 
The next challenge will be to recruit enough 
drivers to get sufficient data over a large road 
network, he says. 


All corners of the world 

Mobile phones have managed to penetrate 
parts of the globe where other infrastructure is 
absent. In the developing world, mobile-phone 
subscriptions have skyrocketed from nearly 
zero a decade ago to 50% of today’s popula- 
tion. Fixed telephone lines reach fewer than 
one-sixth of the people there’. 

Boris Rubinsky first really appreciated this 
reality when he visited an Indian village at the 
foothills of the Himalayas in 2005. Children 
were washing themselves in the river, and 
animals roamed across the roads. “Suddenly, 
in the middle of the street, you see a person 
walking around with a cellular phone,” says 
Rubinsky, a bioengineer at the University of 
California, Berkeley, and director of the Center 
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“It dawned on me 
that cellular phones 


are everywhere.” 
— Boris Rubinsky 


for Bioengineering in the 
Service of Humanity and 
Society at the Hebrew 
University of Jerusalem 
in Israel. “It dawned on 
me that cellular phones 
are everywhere.’ 
Rubinsky decided 
to use the phones to 
address a specific 
problem in the devel- 
oping world: the lack 
{ of access to medical 
, imaging. Imaging 
equipment typi- 
cally includes com- 
ponents for data 
capture, processing 
and display, which together tend 
to be expensive and difficult to maintain. But 
with a mobile phone, Rubinsky reasoned, a 
doctor in a remote village could transmit raw 
measurements from a relatively inexpensive 
data-collection device, such as an ultrasound 
transducer, to a processing centre in a major 
city. The centre would then reconstruct the 
image and transmit it back to the phone. 

Ina study published last year’, Rubinsky’s 
team did a proof-of-principle test of their sys- 
tem with a procedure called 
electrical impedance tomogra- 
phy, in which a device applies 
current to a patient's tissues and 
measures the resulting voltage. 
In this case the voltage readings 
were from a simulated breast 
tumour. But the researchers 
were able to move the data through every 
step of the process until the image appeared 
on the phone. “The data are extremely sim- 
ple, and that’s the beauty 
of it,” says Rubinsky. He 
published another study* 
this month in which the 
system was used to clas- 
sify tissue. Rubinsky is 
planning field trials of his 
system in Mexico within 
the next few months to 
see whether it can detect 
internal bleeding. 

Other groups are 
creating mobile-phone 
applications to conduct 
health surveys, ana- 
lyse blood samples and 
report natural disasters. 
“For those of us working 
in the developing world, 
that’s the platform of 
choice,” says Gaetano 
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Borriello, a computer engineer at Google and 
the University of Washington in Seattle who 
explores how technology can improve health 
care in underserved populations. 


Eyes on the ground 

Mobile phones also have the potential to 
enhance the role of the citizen scientist. 
Information collected by non-scientists has 
traditionally been seen as suspect because it is 
difficult to verify, says Estrin. But with the help 
of mobile-phone cameras and GPS, which can 
label data with a precise location, observations 
taken by everyday citizens could become more 
reliable. “The fact that people can do real-time 
uploading of geo-tagged information changes 
that story,” she says. 

Estrin’ team is working on a set of projects 
that will enlist citizens to submit field observa- 
tions via mobile phone to a central database. 
One campaign is tracking the appearance of 
harmful algal blooms; another, scheduled to 
be opened to the public in July, will monitor 
invasive species in California’s Santa Monica 
Mountains. Participants will be able to send in 
geo-tagged pictures, with optional text mes- 
sages to describe each photo, says Estrin. By 
next year, the team also plans to supply a phone- 
based reporting system for Project BudBurst, a 
citizen-science effort to measure the effect of 
climate change on plant blooming. Meanwhile, 
Lukac and his colleagues are hoping to deploy a 
test set ofaccelerometer-equipped phones in an 
earthquake-prone area and eventually establish 
a mobile seismic network. 

Mobile phones may “open up the demo- 
graphics of the people who could participate” 
in citizen science, says Jeff Goldman, director 
of programme development at CENS. Instead 
of having to remember to enter information or 
pictures through a website after 
~~ the fact, people will be able 

to relay their observations 
directly from the field. 
Estrin notes that mobile 
phones also offer two-way 
communication, allow- 
ing participants to receive 
reminders and instruc- 
tions depending on the 
time or location. 

Other researchers are 
hoping to use mobile 
phones as communication 
hubs for external sensors. 
Sarah Williams, director 

of the Spatial Information 
Design Lab at Columbia 
University in New York, and 
her colleagues are working to 
attach air-quality sensors to 


mobile phones so that people can send pollu- 
tion measurements via text message to a central 
database. And a group led by computer scientist 
Eiman Kanjo at the University of Cambridge, 
UK, has developed a system that allows phones 
to receive data from wireless sensors that meas- 
ure carbon monoxide concentrations, temper- 
ature and other environmental conditions’. 
Kanjo’s team gave the mobile sensing system to 
cycling couriers in Cambridge to collect read- 
ings throughout the city and is now analysing 
the data. 


Our phones, our selves 

One obvious, but importantm feature of 
mobile phones is that they are carried by peo- 
ple. So researchers such as Nathan Eagle, a 
computer scientist at the Santa 

Fe Institute in New Mexico, 
can use them to get glimpses 
into human movement and 
behaviour. 

In an experiment at the 
Massachusetts Institute of 
Technology in Cambridge 
during 2004-05, Eagle and 
his colleagues recorded 
call logs and location data 
from mobile phones car- 
ried by 100 students and 
staff — all volunteers — 
over nine months. They 
also detected when people 
were in close proximity to 
the users by scanning for 
radiofrequency signals 
emitted by nearby mobile 
phones. Using the phone 
data, Eagle's team was able 
to classify students study- 
ing business from those stud- 
ying other subjects with 96% accuracy. If the 
researchers examined only the first 12 hours 
of auser’s day, they could correctly predict the 
person’s movements for the rest of the day 79% 
of the time’. 

“We think about behaviour as a very high- 
dimensional thing,” says Eagle. “In reality, and 
depressingly, you can compress my behaviour 
down to a few vectors,’ he says. 

Larger-scale experiments are also starting 
to emerge. Last June, Albert-Laszlé Barabasi 
and his colleagues at Northeastern University 
in Boston, Massachusetts, published a study in 
Nature that analysed the movements of 100,000 
mobile-phone users’. Eagle is now working 
with Barabasi’s group and others to examine 
phone-operator data from a range of geographic 
areas, including records for millions of mobile- 
phone users in Europe and two East African 
countries. Eventually, Eagle hopes to detect 


common behavioural patterns, such as changes 
in movement or calling frequency, that occur 
during disease outbreaks, which could help alert 
public-health officials to the early stages of an 
epidemic. 

Eagle's research illustrates 
how mobile phones can be used 
to collect accurate, large-scale 
data about real social interac- 
tions, unlike other methods 
such as interviews or virtual- 
world observations, says Jon 
Kleinberg, a computer scientist 
who studies social networks at 
Cornell University in Ithaca, 
New York. Neil Ferguson, a mathematical epi- 
demiologist at Imperial College London, UK, 

who plans to collaborate with Eagle, 
says that although mobile- 
phone use in places such 
as Africa may not reflect 
a representative sample 
of the population, these 
insights into microscale 
social networks could 
| help support more fine- 
grained models of the 
spread of disease. 
At the other end of the 
spectrum, some groups 
are exploring public- 
health applications at 
the individual level. 
Researchers at CENS and 
Intel Research Seattle in 
Washington, for instance, 
| are developing mobile- 
phone programs to help 
users monitor their diet and 
physical activity. 


Hang-ups ahead 
The scientists doing these experiments readily 
admit that mobile phones are not the perfect 
tool. For one thing, the sensors on a phone are 
usually not high-quality because they must be 
small and inexpensive. “You don’t want your 
phone to cost US$20,000,” says Bayen. Because 
researchers cannot dictate what manufactur- 
ers include on a phone, the observations that 
can be performed are limited. And although 
features such as air-pollution sensors could 
conceivably be packaged into a mobile phone, 
people do not always carry their phones in 
ways that would make them useful as sci- 
entific instruments. “Sure, I'd love some air 
chemistry,” says Estrin. “But what does the air 
chemistry in my purse mean?” 

And as mobile phones now provide more 
information about their users than ever before, 
researchers must tread carefully to ensure they 
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“In reality, and 
depressingly, you 
can compress my 


behaviour down toa 
few vectors.” 
— Nathan Eagle 
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do not invade users’ privacy (see page 968). In 
some cases, the users are volunteers who agree 
to be studied. The data from phone operators 
in Europe and Africa are anonymized, says 
Eagle. Mobile Millennium 
relies on a concept called ‘vir- 
tual trip lines, in which velocity 
readings are triggered as users 
pass into predetermined road 
segments, rather than tracking 
drivers throughout their jour- 
ney. The data are encrypted, 
says Bayen, and Nokia strips 
out personal information about 
the user before passing them on 
to the modelling team. 

Once they get the data, researchers must 
contend with an erratic flow of information. 
Bayen’s group is working to improve math- 
ematical models so that they can handle traf- 
fic readings from unpredictable locations, 
but the reliability of the system fluctuates 
depending on how many measurements are 
submitted at the time. “Suddenly you get tons 
of data, and the next hour you don’t get any,” 
says Bayen. Scientists may find it difficult to 
get enough data to validate their approaches 
without help from industry, says Jacobson. “A 
lot of this research needs to be taken out ona 
commercial scale to even test the fundamental 
premise,’ he says. 

Despite the challenges, researchers are 
excited about the possibilities of a planet-wide 
network of these miniature travelling comput- 
ers. About 85% of the world’s population has 
access to a mobile signal, says Susan Teltscher, 
head of the Market Information and Statistics 
Division at the International Telecommunica- 
tion Union, and there is still a “huge potential” 
for more growth. Jacobson envisions that as 
sensors continue to drop in size, phones could 
boast even more sophisticated features. 

Although mobile phones will not replace 
traditional scientific instruments, says Estrin, 
they make up in availability for what they lack 
in finesse. “If you can't go to the field with the 
sensor you want,’ she says, “go with the sensor 
you have.” a 
Roberta Kwok is a freelance science writer 
based in California. 
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FAST AND FURIOUS 
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The field of induced pluripotent stem cells has gone from standing start to headlong rush 
in less than three years. Monya Baker charts the course so far, and the obstacles ahead. 


ack in spring 2007, Shinya Yamanaka 
thought he had a safe head start in a 
scientific race. Less than six months 
earlier he had demonstrated a tech- 
nique that turned run-of-the-mill body cells 
into ones much like mouse embryonic stem 
cells’. Yamanaka’s results were met with awe 
and scepticism. Few believed that a cell's iden- 
tity was so flexible that the insertion of just four 
embryonic genes could reprogram it into a cell 
that could make virtually every body tissue. 
Yamanaka knew he would have to do more 
to convince others that the cells were truly 
pluripotent: capable of becoming any cell type, 
including contributing to sperm or egg cells 
and thus another generation of animals. So on 
6 June 2007, when he published an improved 
version of his technique showing that these 
‘induced pluripotent stem (iPS) cells’ could actu- 
ally do this’, he hadn't expected that two other 
laboratories would announce that they had 
accomplished the same feat on the same day**. 
“Tt was less than ten months after our publica- 
tion,” Yamanaka recalls, “so we were very, very 
surprised — and we were very, very scared.” 
Surprise and fear are feelings that Yamanaka 
has become accustomed to since he founded 
the iPS field in mid-2006. At that time, it was 
just him and his lab at Kyoto University in 
Japan. Since then, Addgene, a company based 
in Cambridge, Massachusetts, has received 
more than 6,000 requests from in excess of 
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1,000 labs for the relevant reprogramming 
vectors that it supplies. In 2008, Harvard Uni- 
versity, along with universities in Toronto and 
Kyoto, established entire facilities devoted to 
iPS cell studies. In 2009, researchers expect the 
field to move even faster and to become more 
competitive. In March alone, four papers in 
Nature, Cell and Science reported major refine- 
ments to the reprogramming technique” *. 
The fervour is understandable. iPS cells 
promise nearly everything embryonic stem 
cells do — including the potential for cell 
therapy, drug screening and disease modelling 
— without most of the ethical and technical 
baggage. Much of the early human embryonic- 
stem-cell work was restricted 
to scientists who had access 
to human embryos, says Peter 
Andrews, a stem-cell scientist at 


“Every day in the lab 
people are worried 


such as diabetes, Huntington’s disease and 
muscular dystrophy’. 

Biologists are now jostling to reach the 
next obvious goals: iPS cells that represent a 
wider variety of diseases, and safer, more effi- 
cient ways to make them. “It’s not healthy. It’s 
overheated,” says Rudolf Jaenisch, a leading 
researcher in embryonic stem cells and iPS 
cells at the Whitehead Institute of Biomedical 
Research in Cambridge, Massachusetts. “Every 
day in the lab people are worried about getting 
scooped.” That means people rush to publish 
prematurely, he says, and are reluctant to share. 
“Everyone is doing very similar things, so 
people aren't that open to talking about papers 
submitted or in press.” 

The field risks losing sight of 
the big questions, says Jeanne 


. Loring, the director of the 
the University of Sheffield, UK. about at ng Center for Regenerative Medi- 
The invention of iPS technol- Scooped. cine at the Scripps Research 


ogy, he says, “opens up the area 
to anyone who is a competent 
molecular or cell biologist”. Although it took 17 
years from the 1981 isolation of mouse embry- 
onic stem cells to the isolation of their human 
counterparts, that transition took less than six 
months for iPS cells. And although stem-cell 
researchers have yet to make patient-matched 
human embryonic stem cells, they have already 
reached an equivalent goal in the iPS cell field, 
making cells from patients with conditions 
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— Rudolf Jaenisch 


Institute in La Jolla, California 
— questions such as the mech- 
anisms by which reprogramming works and 
precisely what reprogrammed cells will be able 
to do therapeutically. “Making the cells is not 
the end point, says Loring. “The cells are of no 
value if they don’t tell you something new.” 
When it comes to studying and treating 
human diseases, iPS cells are potentially far 
more useful than embryonic stem cells. They 
could eventually offer a method for taking 


ILLUSTRATIONS BY J. RIORDAN 


cells from a patient’s body, treating them, and 
turning them into therapeutic cells that can be 
returned to the same individual without the risk 
of rejection. Researchers have already taken 
the iPS cells created from patients with neuro- 
degenerative diseases such as amyotrophic 
lateral sclerosis and spinal muscular atrophy 
and converted them into neurons’””. And in 
mice they have taken the next step, generating 
blood and neural cells and using those to amel- 
iorate mouse versions of sickle-cell anaemia and 
Parkinson's disease’”!’. More immediately, the 
cells could be invaluable for researchers who 
want to study, say, brain or heart diseases and 
who cart collect enough tissue from biopsies 
or cadavers to conduct rigorous experiments. 
iPS cells made from patients with these diseases 
promise a limitless supply, and the ability to 
study the disease process ina dish. 


Full stem ahead 
But in the first two years, researchers have been 
most preoccupied with improving the methods 
for making iPS cells. Yamanaka experimented 
with two dozen genes expressed in embryonic 
stem cells before hitting on a quartet (c-Myc, 
Kif4, Oct4 and Sox2) capable of reprogram- 
ming adult cells when they were inserted into 
the genome using a virus. Although a cell dials 
down the activity of these genes as it assumes 
pluripotency, their addition nevertheless 
seems to make the cells less predictable and 
more dangerous than embryonic stem cells. 
Cells that are reprogrammed with the cancer 
gene c-Myc and then incorporated into mouse 
embryos, for example, result in animals that 
develop fatal tumours’. And Yamanaka has 
presented unpublished work that even mice 
generated from cells reprogrammed without 
using c-Myc have shorter lifespans. 

The rush to develop safer, more effective 
techniques for reprogramming cells has often 


resulted in prominent publications right on 
the heels of each other (see ‘Mile markers’, 
overleaf). The aim has been to reprogram 
cells without pushing genes into the genome, 
where they risk causing damage. Jaenisch led 
one of the groups that published techniques 
last month for cutting out the reprogramming 
genes after they have finished their job’. Three 
weeks later, James Thomson and colleagues at 
the University of Wisconsin, Madison, reported 
in Science that they had reprogrammed human 
cells without requiring any genetic insertion 
at all®. They put pluripotency genes into cells 
using DNA rings called plas- 
mids that did not integrate into 
chromosomes. 

But scientists want to do 
better. The worry is that repro- 
gramming might shove cells 
so far from what is physiologi- 
cally normal that they become pathological. 
The reprogramming process inhibits tumour- 
suppressing pathways and activates oncogenic 
ones, says Sheng Ding, a chemist at the Scripps 
Research Institute. It also disrupts a cell’s pro- 
cesses for placing ‘epigenetic marks that control 
which genes are activated. “Cells are undergoing 
very stressful conditions,” Ding says. “People 
don't talk about the hidden problems.” Ding and 
many others are working to ease the transition 
to pluripotency with further refinements to the 
technique. They have found that adding drug- 
like molecules or starting with certain cell types 
can allow reprogramming with fewer types and 
copies of reprogramming genes as well as boost- 
ing reprogramming rates. And by the end of this 
year, many researchers expect to see multiple 
techniques for making iPS cells without adding 
reprogramming genes at all, instead using com- 
binations of small molecules and proteins. 

But even that won't be enough to ensure that 
the cells are safe for therapeutic purposes, says 
Thomson. Any reprogramming technique 
runs the risk of causing mutations or prob- 
lematic epigenetic changes. “It doesn’t matter 
whether you do it chemically or genetically, 
you're going to have to look at the resulting 
genome in excruciating detail,’ Thomson says. 


Shinya Yamanaka made mouse iPS cells in 2006. 
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"The cells are of no 

value if they don’t tell 

you something new.” 
— Jeanne Loring 
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Yamanaka agrees. “Everyone tends to think that 
if you make iPS cells with fewer factors or even 
zero factors, with chemicals, that those iPS cells 
are safer, but I’m not sure about that. We really 
have to test each clone,” he says. “Improving 
the derivation method is important, but I can't 
stress enough that how to evaluate established 
iPS cells is much more important?” 

Researchers expect the field to start shifting 
towards this type of evaluation. “It will be 
important now to compare the different meth- 
ods and go with the one that works the best,” 
says Konrad Hochedlinger of the Harvard 
Stem Cell Institute. What 
‘best’ is may depend on the 
application. The techniques 
for inserting reprogramming 
genes are faster and technically 
less demanding and, for labo- 
ratories that don't have other 
reprogramming systems up and running, they 
might be a sensible choice. 


Side by side 
Researchers also want to compare the iPS cells 
with each other and with embryonic stem 
cells. Embryonic stem cells are considered 
the gold standard. They have been studied for 
more than a decade, and their common origin 
from embryos suggests, to most scientists, that 
they will be less variable than iPS cells derived 
from different tissue types. In his recent Cell 
paper, Jaenisch characterized human iPS cells 
before and after the extra genes had snipped 
themselves out’. Cells that still contained extra 
copies of the reprogramming genes expressed 
271 genes differently from embryonic stem 
cells; with the genes gone, that number 
dropped to 48. No one knows why. “There is 
so much anecdotal evidence saying that iPS 
cells don’t do as well or that they are different 
from embryonic stem cells,’ says Jaenisch, “It’s 
just unpublished.” The cells could be intrin- 
sically unique because they don't come from 
embryos, or they might differ from embry- 
onic stem cells because current methods for 
creating iPS cells are inadequate. 

Researchers have not yet agreed how to 
evaluate iPS cells. The most rigorous test of 
reprogramming involves inserting repro- 
grammed mouse cells into an embryo, 
implanting it into a surrogate mother, letting 
the chimaeric mice grow to adulthood, and 
waiting to see if the reprogrammed cells go on 
to make sperm or eggs that produce healthy 
offspring. The ability to contribute to a brand 
new embryo shows that the biological settings 
in the original cells have been reset. 

Such tests are ethically unacceptable in 
humans, so the standard assay, borrowed 
from human embryonic stem cells, involves 
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MILE 


MARKERS 


= AUGUST 2006 
Shinya Yamanaka uses 

four genes to make the first 
mouse induced pluripotent 
stem (iPS) cells’. 


JUNE 2007 
Mouse iPS cells are shown to 
make all cell types? *. 


NOV-DEC 2007 
Human cells are induced 
to pluripotency’?™. 


The oncogene c-Myc is 
shown to be dispensable for 


reprogramming”. | 


iPS cells cure mice with 
sickle-cell anaemia”. 


>  v 


AUGUST 2008 | 
Human iPS cells are made 
from patients with multiple 


diseases?” 


SEPT-OCT 2008 
Two groups reprogram 
mouse cells without 
detectable DNA 
integration””””, 


DECEMBER 2008 | (& 
iPS cells from patients with 
neurodegenerative disease 

suggest that it is possible to 


model disease inadish". | |= 


MARCH 2009 
Researchers splice 
reprogramming genes 
out from iPS 
cells?”. 


Human iPS cells are 
reprogrammed without 
genetic integration®. 


injecting human cells into an immune- 
compromised mouse and waiting six to 
eight weeks to see if the cells form a tumour 
called a teratoma. Naturally occurring 
teratomas can grow into a knot of differen- 
tiated tissues, including hair and bone, but 
for transplanted cells to win the iPS label, 
researchers just need to see a mass of dif- 
ferentiated cells representing all major 
classes of tissue. Researchers say that it is 
not uncommon for cells that seem fully 
reprogrammed in terms of appearance and 
surface markers to fail to form teratomas. 
Some researchers think that anything 
worthy of the iPS cell designation should 
demonstrate the ability to make teratomas. 
“Unless we hold the field to some standard, it 
will muddy the literature,’ says George Daley 
at Children’s Hospital Boston in Massachu- 
setts, a leader in the field. Especially while 
the field is young and techniques are still 
being developed, he says, it is “hazardous” 
to say cells are iPS cells just because they 
express some markers typical of embryonic 
stem cells. “What will it mean if we call eve- 
rything that has some quality of stemness an 
iPS cell?” Daley asks. “The term 
will start to lose its integrity” 


can’t make teratomas but 
are very good at making hepatocytes, for 
example, might be better for modelling liver 
disease and safer in the clinic. The teratoma 
assay is also expensive, says William Stanford 
of the Ontario iPS Cell Facility in Toronto. 
His group is generating disease-specific lines 
from patients at the Hospital for Sick Children 
in Toronto, and they already anticipate hav- 
ing more samples submitted for reprogram- 
ming than resources to generate cell lines. 
“We talked about whether we should make 
fewer lines and do teratoma testing on all 
the lines, or make more lines,” he says. They 
decided on the latter. They will assess the 
pluripotency of reprogrammed cells using 
gene expression and in vitro tests of early 
differentiation, but further characterization 
will generally be left to individual laboratories 
that later use the cells. 

Besides evaluating the iPS cells themselves, 
researchers also want to see rigorous, long-term 
evaluations of the specialized cell types gen- 
erated from them, which might be used for 
cell therapy, drug screening, or other appli- 
cations. Because obtaining homogeneous 
samples of differentiated cells is difficult, 
says Jaenisch, no one has yet published 
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“Unless we hold 
the field to some 


these types of evaluations. But to screen drugs 
or to model diseases, researchers need to be 
confident that, say, neurons or cardiomyocytes 
coaxed from iPS cells go on to age and develop 
disease like the cells in intact brains or hearts. 
And when it comes to cell therapy, they need 
to know that the cells are stable, and do not 
contain leftover iPS cells that could generate 
tumours, a possibility that is also being evalu- 
ated for embryonic stem cells. 

Even when they have been evaluated in these 
ways, iPS cells will still face formidable hurdles 
before they reach the clinic. Regulators will 
need to be convinced that the risks are accept- 
ably low and that there is a real likelihood that 
introduced cells will survive in the body and 
increase the function of a diseased brain or 
pancreas. It took more than a decade from the 
generation of the first human embryonic stem 
cells to the approval this January of a clinical 
trial of cells derived from them. Now that iPS 
cells can be made without genetic modifica- 
tion, they could make that transition much 
more swiftly. Yamanaka thinks that the cells 
will be used widely for drug screening and 
toxicity testing within three or four years. He 
hopes to see clinical trials in ten 
years. 

Much of this work is likely 


Safety first standard, it will to be performed by companies, 
But in some cases it may not . » anda few are already trying to 
matter if a cell line can make muddy the literature. corner the market in iPS cells 
every cell type. iPS cells that —_— George Daley for practical applications. 


John Walker, chief executive 
of biotech start-up iZumi Bio, in South San 
Francisco, California, gives little away, but 
says the company will focus on drug test- 
ing rather than cell therapy for now. iZumi, 
along with the Wisconsin Alumni Research 
Foundation in Madison, and others, have filed 
intellectual-property claims around iPS cells 
and the techniques for making them. With 
more and more methods being published, the 
intellectual-property situation is “more com- 
plicated than for human embryonic stem cells 
by an order of magnitude’, says Ken Taymor, 
director of the Berkeley Center for Law, Busi- 
ness and the Economy in California. 

The scientific landscape is also becoming 
more complex. Biologists have long assumed 
that one specialized cell type must be trans- 
formed back into an embryonic-like pluripotent 
state before it can be turned into another spe- 
cialized cell. But recent work has shown that 
it is possible to bypass pluripotency and hop 
directly from one cell type to another. Doug 
Melton, a developmental biologist at Harvard 
University, did this to much acclaim in 2008 
when he showed that cells in the pancreas 
could take on the appearance and function 
of insulin-producing B-cells if extra copies of 
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pancreatic genes are inserted into them™. 
Whether reprogramming proceeds 
‘packwards or ‘sideways, scientists want to 
understand how it occurs. For many estab- 
lished scientists, this is the question that 
brought them into the iPS-cell field in the 
first place. Yamanaka says he would not have 
attempted his initial reprogramming experi- 
ments were it not for the 
cloning of frogs by nuclear 
transfer in the 1950s or the 
cloning of Dolly the sheep 
in 1996. Before that, some 
thought that genes were 
irreversibly deactivated or 
perhaps even excised as cells 
progressed through development. Dolly — 
cloned from an adult cell — showed that the 
genes remained intact and amenable to reboot- 
ing, even in specialized mammalian cells. 


Rough guide 

Researchers understand the general outlines 
of reprogramming. Cells loosen the tangles 
of DNA and protein, known as chromatin, 
and rearrange epigenetic marks so that the 
genes active in specialized cells are silenced, 
and those active in embryonic stem cells are 
turned on. They recruit an army of proteins 
to shift the cell machinery from one state 
to another. How and when all these steps 
occur is, despite intense study, still being 
worked out — and it is a question that many 
researchers hope that the iPS field will focus 
on as it matures. With iPS cells “you can 
ask how reprogramming really works’, says 
Hochedlinger, “This was a question that 


“It's all technology, 
technology, technology. 
Now we are coming to the 
interesting questions.” 

— Rudolf Jaenisch 


was raised 50 years ago. We have no clue.’ 

iPS cells don't make the problem easy, 
though. For one thing, it is difficult to isolate 
the right cells: typically, less than 1 in 1,000 cells 
is successfully reprogrammed in the produc- 
tion of iPS cells. Some cells remain trapped 
in differentiated states even if pluripotency 
genes are active’. “The problem is that we don't 
have the intermediate states,” 
says Kathrin Plath, a cell 
biologist at the University of 
California, Los Angeles. 
Using gene expression and 
cell morphology, Plath is 
studying a subset of cells that 
seem to get stuck on the way 
to full reprogramming. “Partially reprogrammed. 
cells seem to be very similar no matter how you 
get them,’ she says, “but who knows if they are 
true intermediates of the actual reprogramming 
process or off ona side track?” 

Understanding the reprogramming process 
is not just an academic exercise. Knowledge 
about the various states of a cell, and how cells 
move from one state to another, could help 
researchers refine their techniques for driving 
cells through those transitions safely, and mak- 
ing the cell types they want for therapies. 

Researchers who have seen other biological 
fields, such as recombinant DNA and RNA 
interference, go through a similar breathless 
period after their inception, predict that the 
frantic pace and competitiveness are likely to 
wane. The rush to optimize the reprogram- 
ming techniques will pass, predicts Martin 
Pera, director of the Institute for Stem Cell 
and Regenerative Medicine at the University 


of Southern California, Los Angeles, and sci- 
entists will branch out into particular types of 
disease or more fundamental questions. “Activ- 
ity in the field will diversify,’ he says, “and the 
field will become more collaborative.” 
Collaborative or not, the iPS race is heading 
into a new, and perhaps more intellectually 
rewarding, leg. Until this point, “it’s all tech- 
nology, technology, technology’, says Jaenisch. 
“Now we are coming to the interesting ques- 
tions. And the challenging questions will be 
the biological questions.” 
Monya Baker is the editor of Nature Reports 
Stem Cells. 
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OPINION 


CORRESPONDENCE 


Open-access 
publishing can 
survive recession 


SIR — Your Commentaries on 
‘How to survive the recession’ 
devote much discussion to the 
effects of the global recession on 
science (Nature 457, 957-963; 
2009). However, the financial 
squeeze may also be affecting the 
publication output of research 
institutions in a more subtle way. 
It could be boosting the traditional 
reader-pays publication model for 
scientific journals at the expense 
of the author-pays, or open- 
access, model. 

Open-access journals ask 
authors to pay for processing 
their manuscripts (which 
involves organizing a form of 
quality control, formatting and 
distribution) so that the final 
product becomes freely available, 
and free to use if properly 
attributed. This model is widely 
believed to increase the visibility, 
dissemination and, eventually, the 
citation and impact of research 
findings. It is also praised for 
providing free access to much- 
needed scientific literature in 
developing countries (see, for 
example, J. A. Evans and J. Reimer 
Science 323, 1025; 2009). 

However, few peer-reviewed 
open-access journals have so 
far had a high impact factor in 
their field, except for a small 
number such as those published 
by the Public Library of Science 
and BioMed Central. They are 
therefore struggling to emerge 
and to attract the most prestigious 
research findings. 

This situation could deteriorate 
further if open-access journals 
are forced to move to (partial) 
site licensing in order to cover 
their production costs — a shift 
recently undertaken by the 
Journal of Visualized Experiments 
(http://tinyurl.com/cemhuwk), for 
example — as authors become 
increasingly reluctant or unable 
to pay in the current financial 
climate. 

Some publishers have adopted 
ascheme that allows authors 


to post their unformatted, 
accepted manuscripts on 

their institutional repositories, 
rendering conventional articles 
de facto open access without 
added cost. Encouraging authors 
to use this right would prevent 
further dampening of the move 
towards openly sharing scientific 
knowledge, to the benefit of all. 
Raf Aerts Division of Forest, Nature 
and Landscape, Katholieke Universiteit 
Leuven, Celestijnenlaan 200E-2411, 
3001 Leuven, Belgium 

e-mail: raf.aerts@ees.kuleuven.be 


Crystal growers 
are being forced 
to scatter 


SIR — As you indicate in your 
News Feature ‘China's crystal 
cache’ (Nature 457, 953-955; 
2009), China and Japan provide 
most new single crystals for 
research, and the supply in the 
United States and Europe is 
becoming more and more limited. 
One explanation for this decline 
is that researchers specializing in 
single-crystal growth are unable 
to find laboratories willing to 
support their work. 

Very few places are still 
prepared to host the long-term, 
risky endeavours of crystal 
growers. Of the laboratories 
where | have worked and grown 
crystals over the past 30 years, 
not one is growing crystals today. 
| started out growing crystals 
in Poland, but left because, at 
that time, the country could not 
afford this expensive research. | 
quit my work at the University of 
Konstanz in Germany when the 
physics department discovered 
that it was cheaper to buy in 
crystals from abroad. Then, a few 
years ago, when | was at Bell Labs 
in the United States, work there 
switched from basic research 
to applications, and an initiative 
to support a crystal-growth 
laboratory was rejected by the US 
Department of Energy. 

In the end, | came upon an 
enthusiasm for crystal growing 
at the Nanyang Technological 


University in Singapore. | have 
set up asmall laboratory at the 
School of Materials Science and 
Engineering where | can grow 
crystals, not necessarily those 
newly discovered materials that 
physicists wish to study, but those 
that | can afford at this time. 

| do not lament. | belong 
to the lucky few who have 
been privileged to work with 
excellent physicists and to follow 
their passion for many years, 
crystallizing and exploring new 
materials. 

Research administrators 
should grasp the need for long- 
term stability in laboratories 
where crystals are grown and 
the advantages of maintaining 
them inside large physics and 
materials departments and 
institutes. Crystal growers are 
still around, but they desperately 
need laboratories. 

Christian Kloc School of Materials 
Science and Engineering, 

Nanyang Technological University, 
Block N4.1, 50 Nanyang Avenue, 
Singapore 639 798 

e-mail: ckloc@ntu.edu.sg 


Struggle to translate 


Darwin's view of 
concurrency 


SIR — In your Editorial ‘Humanity 
and evolution’ (Nature 457, 
763-764; 2009), you mention 
Charles Darwin's image of a 
fiercely competitive world. But 
did his view simply refer to the 
competition among organisms 
for limited resources? 

It was Darwin’s first translator, 
German palaeontologist Heinrich 
Georg Bronn, who interpreted 
Darwin's metaphorical ‘struggle 
for existence’ exclusively in these 
terms. Bronn transmuted this 
expression, which referred to the 
production of offspring by animals 
and plants, into Kampf ums Dasein 
(‘fight for existence or life’). 
However, Darwin himself rejected 
this Malthusian translation. 

Ina letter to the physiologist 
Wilhelm T. Preyer on 29 March 
1869, Darwin says: “| suspect 
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that the German term, Kampf 
etc., does not give quite the 

same idea. The words ‘struggle 
for existence’ express, | think, 
exactly what ‘concurrency’ does. 
It is correct to say in English that 
two men struggle for existence, 
who may be hunting for the same 
food during a famine, and likewise 
when a single man is hunting for 
food; or again it may be said that 
aman struggles for existence 
against the waves of the sea when 
shipwrecked.” (See E.-M. Engels 
Ann. Hist. Philos. Biol. 10, 31-54; 
2005.) 

But what does the word 
‘concurrency’, Darwin's synonym 
for ‘struggle for life’, mean in this 
context? According to an English 
dictionary of 1893, concurrency 
had several meanings: pursuit 
of the same object with another, 
competition, rivalry; running 
together in place or time; 
accordance in operation or 
opinion, cooperation, consent. 
However, in modern English, 
concurrency, or ‘concurrence’ 
means simultaneous occurrence 
or coincidence, and agreement 
or cooperation. Hence, Darwin's 
term ‘struggle for existence’ (that 
is, concurrency) has two opposing 
meanings: competition and 
cooperation. 

It follows that post-Darwinian 
discoveries, such as altruism in 
animal populations or mutualistic 
(symbiotic) interactions among 
organisms, cells or organelles 
— concepts integral to our 
modern theory of biological 
evolution — are not in conflict 
with Darwin's key term, which 
the philosopher Herbert Spencer 
later circumscribed as ‘survival 
of the fittest’. If we equate 
fitness with lifetime reproductive 
success, the dual meaning of 
Darwin's word ‘struggle’, in the 
sense of concurrency, becomes 
immediately apparent. 

U. Kutschera Institute of Biology, 
University of Kassel, Heinrich-Plett- 
Strasse 40, 34109 Kassel, Germany 
e-mail: kut@uni-kassel.de 


Science publishing issues are 
featured at Nautilus (http:// 
blogs.nature.com/nautilus). 
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Big Brother has evolved 


Tracking someone's movements can now be done cheaply and easily, and there 


are few restrictions on who can monitor whom, says Jerome E. Dobson. 


f youre still getting used to the idea that 
closed-circuit television (CCTV) has 
turned some public spaces into a modern 
panopticon — the all-seeing’ prison-like build- 
ing conceived by eighteenth-century architect 
Samuel Bentham — then your'e in for a shock. 
The next generation of surveillance technolo- 
gies is making even George Orwell’s Big Brother 
seem amateurish, with huge implications for 

privacy and personal freedom. 

Although CCTV is passive 
— you get spotted only if you 
are in front of acamera — other 
tools now offer constant surveil- 
lance. They are best described 
as human-tracking systems: 
devices that allow the electronic 
monitoring of individuals 24 
hours a day, using geographic 
information systems (GIS), Global 
Positioning System (GPS) receivers 
and two-way communication. The 
technology has been around for a 
while. Courier companies, for exam- 
ple, use tracking systems to monitor 
goods in transit. What is new is the 
extent to which they are being used 
to monitor the movement of people, in 
some cases without their knowledge. 

There is no shortage of available 
devices. A GPS receiver and radio-frequency 
identification (RFID) transmitter can be 
installed in a bracelet, tag or mobile phone, 
or implanted under the skin, and the carrier’s 
coordinates transmitted to a service provider. 
The device's location can then be matched to 
any feature locatable in a GIS, such as a specific 
street or building. Some devices go even further, 
recording physiological functions such as body 
temperature, heart rate and perspiration. 

None of this demands great technological 
sophistication on the user’s part. Indeed, it is 
possible to get effective results using a standard 
mobile phone. Triangulating a handset’s radio 
signals among nearby mobile-phone masts can 
give reasonably accurate coordinates, and some 
mobile phones come with GPS receivers. A lap- 
top computer logged onto a wireless network 
can be tracked in the same way. 

Electronic human-tracking systems have 
many positive applications. For example, they 
allow law-enforcement services to monitor 
offenders in their communities rather than 
imprison them. Families can use them to keep 
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an eye on relatives with Alzheimer’s disease in 
case they wander away from home. The tech- 
nologies are highly effective, easy to use and 
relatively cheap. In fewer than five years, the 
annual cost of continuous surveillance of an 
individual has fallen from several hundred 
thousand dollars to less than US$500. 
This means that technology that was once 
exclusively the domain of 
national security and high- 
stakes commerce is now 
available to anyone. For 
example, it is fairly easy for 
a spouse to obtain a device 
| or service that enables him 
' orher to followa partner’s 
every step; or for a par- 
| ent to acquire a tracking 
device that can be locked 
to a child’s wrist; or for 
employers to moni- 
tor the movements 
of their staff. Xora, a 
| mobile-resource man- 
agement company in 
Mountain View, Cali- 
fornia, claimed to be 
tracking more than 
50,000 employees at 4,500 
companies in 2005 (the latest year it made 
such information available). 
Manufacturers of human-tracking systems 
refer to them as ‘geofencing’ products. Yet 
geofencing, if done coercively or 


extreme tendencies of human nature. How can 
we protect against that? A standard test should 
be to ask what its analogue form would have 
been called before GPS came along and what 
laws and customs applied. Was it parenting, 
care-giving, delivery tracking or, alternatively, 
incarceration, branding, stalking, slavery? 
These answers will help each country and 
culture determine how its laws, customs and 
institutions should be changed. 

It is also crucial to address the ethical issues 
of human tracking in scientific research. Con- 
sider the controversy last year over a study on 
human mobility patterns by Marta Gonzalez 
and her colleagues at Northeastern University 
in Boston, Massachusetts”. The group used 
information from 100,000 people's mobile- 
phone records over 6 months to track the 
users without their knowledge or consent. The 
European telecommunications company that 
provided the data claims to have anonymized 
it. Critics, however, say anonymity does not 
equal consent, and geography is identity. Find 
where each phone spends most of the day or 
night and then look up the street addresses. 
From these it is often possible to determine 
the owner’s name, residence and workplace. 
Ethical guidelines are needed to ensure that 
investigators understand the risks as well as the 
benefits of new research opportunities. 

The social-networking benefits of human- 
tracking systems will surely be substantial, for 
example, for friends who want to find, and stay 

in touch with, each other while 


surreptitiously, can quicklylead = w on the move — Google Latitude 
to ‘geoslavery’’, in which the Wehave entered offers a tracking service for free. 
person doing the monitoring a grand social Just as surely, the technology is 
has significant control over the experiment as bound to alter all sorts of social 
target, including the power to relationships: husband-wife, 
reprimand or punish. It is easy mome mous ee parent-child, teenager-teenager, 
to see how well-intended moni- any in our past. employer—employee, govern- 


toring can evolve into something 
troublesome. Many people would agree, for 
example, that parents have a right to know their 
children’s whereabouts, but round-the-clock 
surveillance and control is a more dubious 
prospect. Similarly, every government has a 
right and duty to monitor suspected foreign 
terrorists, but tagging all immigrants would 
raise serious human-rights concerns. 
Manufacturers cannot be held responsible 
for the ways in which some people might use 
their products, but human-tracking devices 
are bound to amplify some of the more 
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ment-citizen, seller-customer, 
researcher-subject, criminal-victim. We have 
entered a grand social experiment as momen- 
tous as any in our past and yet one so insidious 
that hardly anyone seems to have noticed. ™ 
Jerome E. Dobson is in the Department of 
Geography at the University of Kansas, Lawrence, 
Kansas 66045, USA. 
e-mail: dobson@ku.edu 
1. Dobson, J. E. & Fisher, P. F. Geogr. Rev. 97, 307-323 (2007). 


2. Gonzalez, M. C., Hidalgo, C. A. & Barabasi, A.-L. Nature 
453, 779-782 (2008). 


See also News Feature, page 959. 
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ESSAY 


This title is false 


Comparing gene networks to Greek philosophy could help biologists 
to see the truth, argue Mark Isalan and Matthew Morrison. 


The title of this Essay raises interesting 
possibilities for the canny reader trying to 
determine its veracity. If true, then we must 
accept what it claims: it is false. If false (and 
there are often reasons to mistrust what you 
read), its opposite must be the case: the state- 
ment is true. And yet it states it is false. 

The result, like a dog chasing its tail, should 
be familiar to anyone who has thought about a 
gene network or biological process. Common 
descriptions of biological interactions, such as 
“This gene represses itself’ or ‘gene A activates 
gene B. Gene B inhibits gene A, are similarly self- 
referential, potentially causing endless cycles. 

Self-referential arguments called ‘liar 
paradoxes’ have troubled philosophers for 
more than 2,000 years. The paradoxes are 
attributed to both Epimenides (sixth century 
Bc) and Eubulides (fourth century Bc). The 
former, a Cretan, may well have started the ball 
rolling with his declaration that “all Cretans are 
liars”. Although this formulation is not strictly 
a paradox (a resolution is that some Cretans 
are liars), there are stronger formulations, 
including: “The following statement is 
true. The preceding statement is false’ 

One way to resolve liar paradoxes is 
to allow the answer to change over time: 
‘If the following statement is true, then the 
preceding statement is false, then the following 
statement is not true; and so on. We propose 
that such paradoxical arguments 
have analogous counter- 
parts in gene networks, 
and that the trick to 
resolving both lies in 
looking at them explicitly 
over the dimensions of time 
and space. 


Circular thinking 
Scientists have long sought the best lan- 
guage with which to describe biological 
interactions. Since the 1960s, researchers 
such as physicist Stuart Kauffman pioneered 
Boolean models of gene networks. These sys- 
tems use sequential time-steps to sort out the 
order of events in the system. Certain networks 
are straightforward (A makes B makes C), but 
others contain loops, resulting in a repeating 
list of events within which can lie recurrent 
patterns. Generally, as the theoretical biologist 
René Thomas conjectured in the 1980s, positive 


feedback (for example, A makes itself) results 
in stable states (such as ‘on’ and ‘off’). On the 
other hand, negative feedback (for example, 
A inhibits itself) can create stable, oscillatory 
or even chaotic patterns, depending on the 
strength of the inhibition and other factors. 
Biologists are used to thinking about many 
systems, including networks of genetic tran- 
scription and translation, in such dynamic 
terms. But they often describe opposing 
interactions statically, for example with arrow 
diagrams. Using arrows to point to the factor 
being activated, and lines blocked with a short 
bar to point at the factor being repressed is use- 
fully simple, but also potentially misleading. 
For instance, consider one of the best-stud- 
ied genes, the tumour-suppressor protein p53, 
which is mutated in more than 50% of human 
cancers. By the early 1990s, after more than 
a decade of intensive research, it was known 
that p53 induces production ofa protein called 
Mdm2, which inhibits p53. This simple 
relationship was interpreted as 
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‘autoregulation, meaning that negative feedback 
gave stable control of protein levels. It was not 
until 2000 that it was revealed that concentra- 
tions of p53 protein oscillate over time — just as 
the ‘true’ and ‘false’ states oscillate in a liar para- 
dox. Only then were the details of the proteins’ 
dynamic behaviour truly appreciated. 


Clear patterns 

The same network relationships can produce 
strikingly different behaviours, depending on 
the dimensions considered. This can be seen 
more clearly if we generalize the p53 example 
to: ‘A makes B; B inhibits A’ Take into account 
both time and space, and something almost 
magical can happen. Consider: ‘A diffuses 
slowly and activates B. B diffuses fast and 
represses A’ If one were to chart the result of 
this interaction, using colour to map when 
A or Bis active over time, complex patterns 
emerge: spots, stripes or waves, depending 
on the strength and rates of reaction and the 
lifetimes of the resulting products. This will 
be familiar to anyone interested in biologi- 
cal pattern formation: it is the repeat-pattern 
mechanism proposed by the developmental 
biologists Hans Meinhardt and Alfred Gierer 
in the 1970s. 

These patterns belong to a class of self- 
organizing, self-repairing reaction—diffusion 
systems that were originally discovered by the 
mathematician Alan Turing. In his classic 1952 
paper “The chemical basis of morphogenesis, 
he proposed that such reactions could form 
the basis of all sorts of biological patterns. And 
all this, at least in theory, can be controlled by 
just two interacting factors. 

Liar paradoxes have inspired us to reconsider 
all kinds of processes with interdependent steps, 
and to remember the importance of factors 
such as time, space and extent of interaction 
in resolving the true output ofa network. In 

a sense, much of biology may be a multi- 
dimensional variant of “The next statement 
is true. The previous statement is false. m 
Mark Isalan is at the EMBL systems- 
biology unit in the Centre for Genomic 
Regulation in Barcelona, Spain. Matthew 
Morrison is at the University of 
Westminster in London, UK. 

e-mail: isalan@crg.es 

See http://tinyurl.com/liaressay 

for further reading. 
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Final warning from a sceptical prophet 


In his new book, James Lovelock fears that humanity faces widespread death and mass migration as 
Earth's systems become further unbalanced by climate change, explains Andrew Watson. 


In James Lovelock’s early books, the face of 
Gaia is one of beauty. Whether or not he meant 
it that way, many readers saw Gaia not just as a 
metaphor for the self-regulating Earth system 
of Lovelock’s theory, but as a wise and bounti- 
ful goddess guiding Earth to keep conditions 
comfortable for life. Originally writing that the 
system sought an “optimum?” state, in hindsight, 
he says he wishes he'd avoided that loaded word 
because it stoked the fury of critics who accused 
him of promoting pseudoscience. 

Late Gaia, by contrast, is barely recognizable 
as the same deity. In his new book, The Vanish- 
ing Face Of Gaia, as in his previous The Revenge 
of Gaia (Allen Lane, 2006), she is old, venge- 
ful and dangerous — Medusa, perhaps, rather 
than Ceres. And her anger is directed at us, the 
plague of apes who have appropriated Earth’s 
resources to satisfy our endless greed. 

Lovelock writes wonderfully well. With 
the authority of age — he is in his ninetieth 
year — his voice is that of an elder statesman. 
Using a wider and older vocabulary than most 
writers today, he sets his reference points deep 
in mid-twentieth-century Britain. The result 
is mellifluous and fluent, reminiscent of the 
rounded vowels of an earlier generation of 
radio announcers, while his message is arrest- 
ing and disturbing. It is like listening to the 
BBC announcing the end of the world. 

In their authorized biography of Lovelock, 
writers John and Mary Gribbin give chapter 
and verse on the remarkable career of this 
largely self-made scientist. He Knew he was 
Right (US title James 
Lovelock: In Search 
of Gaia) has a more 
conventional tone 
than Lovelock’s own 
writing. It is a good 
read about an event- 
ful life, but there is 


by James Lovelock 


The Vanishing Face of Gaia: A Final Warning 


Allen Lane/Basic Books: 2009. 
192 pp./ 288 pp. £20/$25 


He Knew He Was Right: The Irrepressible 
Life of James Lovelock and Gaia 
by John Gribbin and Mary Gribbin 


James Lovelock's writing is ‘like listening to the BBC announcing the end of the world’. 


In The Vanishing Face Of Gaia, Lovelock 
argues that model projections of the climate 
a century ahead are of little use. The models 
of the Intergovernmental Panel on Climate 
Change (IPCC) extrapolate from a smooth 
trend of warming, yet the real climate system, 
complex and fully coupled to the biology of 
land and ocean, is unlikely to change in this 
simple way. It is more likely to flip from one 
state to another, with non-linear tipping points 
that the IPCC mod- 
els are too simplistic 
to capture. Lovelock 
fears that the climate 
will shift toa new and 
considerably hotter 
regime, and that once 
underway, this shift 


little here that cannot ; ae will be irreversible. 
befoundin Lovelock’s Allen Lane/Princeton University Press: This view is not 
autobiography Hom- 2009. 256 pp/272 pp. £20/$24.95 officially sanctioned 


age to Gaia (Oxford 

University Press, 2000). The Gribbins’ book 
is useful — it puts Lovelock’s work in the con- 
text of other pioneers of what is now known as 
Earth-systems science, including the geochem- 
ist Vladimir Vernadsky and environmentalist 
Rachel Carson. However, the science is not up- 
to-date in some important aspects, which is a 
missed opportunity. 
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‘IPCC-speak’,, but 
he is fully within the envelope of scientific 
consensus when he warns of the possibility 
of rapid and irreversible change. Other cli- 
mate scientists — notably Wally Broecker (see 
Nature 328, 123-126; 1987) — have said much 
the same for a long time, although Lovelock 
uses more graphic language and his popular 
voice will carry further. Palaeoclimate records 
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show that rapid flips have happened before, so 
this must be a strong possibility for the future 
if we continue to force up the levels of green- 
house gases at the current rate. 

What is controversial is Lovelock’s vision for 
humanity: rapid climate change will lead to the 
deaths of most people on the planet, and to mass 
migrations to those places that are still habitable. 
He does not spell out exactly how this might 
happen, but is convinced a hotter Earth will be 
able to sustain only a few per cent of the current 
human population. The implication is that Gaia 
and human society are close to a cliff-edge, and 
could unravel rapidly and catastrophically. 

The controversy lies less in the climatology 
and more in the sociology. How will socie- 
ties behave in the face of such change? Will 
we pull together with a wartime spirit, or will 
we fragment, fight and kill one another over 
Gaia's carcass? Lovelock is on softer ground 
here. His only special qualification for dis- 
cussing human behaviour is his longevity — 
having lived through the Second World War, 
he knows what people sometimes do to one 
another during evil times. 

Lovelock’s vision of sudden and imminent 
collapse is apocalyptic, but for our long-term 
future and that of the planet it might be prefer- 
able to some of the alternatives. Suppose, for 
instance, that our profligate ways and expanding 
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population are sustained for the rest of this 
century, but at a huge cost — the complete 
loss of all the natural ecosystems of the world. 
Most of us, living in cities and insulated from 
the natural environment, would barely notice 
until it was too late to do anything about it. 
This is what many politicians, economists and 
industrialists seem to want — their mantra of 
unceasing economic growth implies that we 
should take for ourselves all Gaia’s resources 
and squeeze from them the maximum short- 
term gain, leaving nothing for the future. 
Following this vision, we will need to trans- 
form the entire planet into a factory farm to 
feed our 10 billion or 15 billion mouths. There 
will be no room on this giant spherical feedlot 
for anything but ourselves and our half-dozen 
species of domestic plants and animals. Gaia, 
the natural Earth system, will have disappeared. 
As for the underpinning biogeochemical cycles, 


the best we can hope is that we can manage 
them ourselves, taking over the heavy respon- 
sibility for keeping Earth habitable, which Gaia 
once did for us automatically. 

The more likely outcome is that we would 
barely manage them at all. In that case, we 
would face a sequence of global environmental 
crises and a steady degradation of the planetary 
environment that would eventually kill just as 
many of us as a sudden collapse. Given that, 
perhaps we had better hope that Lovelock is 
right, and Gaia does for us — or most of us — 
before we do for her. a 
Andrew Watson is a professor at the School of 
Environmental Sciences, University of East Anglia, 
Norwich NR47TJ, UK. 
e-mail: a.watson@uea.ac.uk 


Watch Oliver Morton's interview with James 
Lovelock at www.nature.com/nature/videoarchive. 


Pursuing the infinite 


Naming Infinity: A True Story of Religious 
Mysticism and Mathematical Creativity 

by Loren Graham and Jean-Michel Kantor 
Belknap/Harvard University Press: 2009. 
256 pp. $25.95, £19.95 


Religious mystics have a long history of 
borrowing from mathematics. It is less com- 
mon for mathematicians to draw on religion. 
In Naming Infinity, historian of science Loren 
Graham and mathematician Jean-Michel Kan- 
tor argue that an esoteric Christian sect con- 
tributed to advances in set theory in Russia 
in the first decades of the twentieth century. 
In pursuing their claim, they reveal a much 
larger drama: the flourishing of mathemat- 
ics under the repression of the early Soviet 
regime. —* 
Graham and Kantor 
begin in 1913, when the 
Imperial Russian Navy 
stormed a monastery on 
a Greek peninsula where 
a sect of Russian Orthodox 
monks had fled to pursue a 
mystical practice known as 
name worshipping. Holding 
the heretical view that God 
comes into existence when named, these 
monks believed that repeating the name of 
Jesus while controlling their breath and heart- 
beat would bring them closer to the infinite. 
Their persecution at the hands of the Tsar in 
the ensuing years aroused the sympathy of 


a number of Russian intellectuals. Among 
them was a handful of mathematicians in 
Moscow who, working in the young field 
of set theory, also found themselves dealing 
with the infinite. 

These Russian mathematicians had been 
racing their French colleagues to take the 
measure of infinite sets of real numbers. In 
1891 the German mathematician Georg Can- 
tor made a crucial advance when he proved 


Secret-police archives document the execution of 
mathematician Pavel Florensky by the Soviet regime. 
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that some infinite sets were larger than others. 
A group of French mathematicians at the turn 
of the century — including Emile Borel, Henri 
Lebesgue and René Baire — were searching 
for a systematic way to determine the size of 
these infinite sets. This aroused the scepticism 
of colleagues such as Henri Poincaré, who 
claimed that Cantor’s hierarchy of infinities 
had “a whiff of form without matter, which 
is repugnant to the French spirit”. According 
to the authors, the French researchers found 
themselves at the edge of an “intellectual 
abyss” where, “under the influence of their 
ultra-rationalistic traditions, they lost their 
nerve” and abandoned their work. 

The situation was different in Moscow, 
where the Russian mathematicians took up 
the same problems with zeal and eventually 
resolved them, advancing the far-reaching 
field of measure theory and launching 
descriptive set theory. Graham and Kantor 
argue that the spiritual views of these math- 
ematicians were crucial to their scholarly 
work. That there were ties between some of 
the mathematicians and the heretical sect is 
not in doubt. The geometer Dmitri Egorov 
believed in name worshipping. His student 
Pavel Florensky, a mathematician turned 
theologian, held that the ‘set of all sets’ might 
be God himself. The eminent mathematician 
Nikolai Luzin was privately sympathetic to 
the sect. 

None of this illuminates a substantive con- 
nection between the ideas of the monks and 
the mathematicians. These Russian scholars 
did push forward where the French would 
not, so it is reasonable to ask whether their 
religion gave them an edge: did their belief 
that both God and sets could be named into 
existence help them deal more creatively 
with the infinite? The authors do not settle 
this question, and never fully explain why the 
work of the Russians should have required a 
belief in name worshipping as opposed to 
another spiritual belief. In the end, they back- 
pedal to say they are “not claiming a unique 
or necessary relationship” between mysticism 
and mathematics but are merely saying that 
the heresy of name worshipping “played a role 
in their conceptions”. They don't, however, say 
what that role was. 

Whatever their ties, the mathematicians 
and the heretics suffered similar fates under 
the Soviet regime. For a time both escaped 
the worst treatment. The name-worshippers 
hid in the shadows as Vladimir Lenin went 
after the mainstream Orthodox church. 
Mathematicians survived longer than other 
academics because, unlike physicists or 
chemists, they did not need special equip- 
ment, and unlike historians or philosophers, 
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their findings did not immediately fall foul 
of Soviet dogma. 

Eventually the Stalinist state caught up with 
everyone. Egorov was detained in 1930 for 
“mixing mathematics and religion” and died in 
prison. Florensky confessed under torture and 
was sent to the Gulag, where he studied perma- 
frost and seaweed before his execution in 1937. 
The case of Luzin is a miraculous exception. 
In 1936 he was accused of collaborating with 
foreigners by the Marxist mathematician Ernst 
Kolman, who proclaimed, “Soviet science will 
rip away your mask!” He was saved by a let- 
ter to Joseph Stalin from the physicist Peter 
Kapista, who argued that Luzin might yet be 


useful to the government. It is not clear why 
Stalin listened, but his whim ensured the future 
of a discipline. 

It will be hard for the uninitiated to follow 
Naming Infinity, owing to the book’s uneven 
exposition and narrow biographical focus. 
The connection between mathematics and 
mysticism is tenuous. The real drama appears 
around the edges, as the researchers survive 
famine, repression and war long enough to set 
the direction for a century of mathematics. It 
is a story of the persistence of intellectual life 
against the wrecking tide of history. a 
Jascha Hoffman is a writer based in New York. 
e-mail: jascha@jaschahoffman.com 


The hidden language of cells 


How We Live and Why We Die: The Secret 
Lives of Cells 

by Lewis Wolpert 

Faber and Faber: 2009. 256 pp. £14.99 


The greatest implication of evolutionary 
theory is the common kinship of living things. 
It is expressed no better than by Henry Harris 
in The Birth of the Cell (Yale University Press, 
2000) as “the doctrine that all plants, 
animals, or whatever, are composed 
of independent but co-operative 
units we call cells”. And, whatever 
life’s origin, “the universal solution to 
the problems confronting its further 
evolution was the progressive assem- 
bly of the cell”. 

Lewis Wolpert’s latest book 
attempts to relate just how far that 
‘progressive assembly’ has gone in 
our own evolution. And, more con- 
cretely, he asks what insights the ‘cell 
doctrine’ gives us into the processes 
through which, and by which, we are 
conceived, develop, function, mature, 
grow old — and die. 

It is a book in a tradition, not 
limited to science, of explaining the 
visible in terms of the invisible. But 
however invisible the world of cells 
and their molecules once was, it is 
not now. Through scanning electron 
microscopy and X-ray diffraction, 
coupled with modern information 
technology, people have become 
acquainted with images of cells and 
‘living’ biological molecules. We have 
seen what the world of the very small 
looks like in three dimensions and 
in dramatic full colour, even if that 
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colour is false. What we don’t know so well is 
how cells and molecules actually behave, and 
how their behaviour explains ours. 

Wolpert’s book has no pictures and few 
numbers. So, if you do not know about the size 
and appearance of cells and their molecules, 
you wont discover it here. This matters because 
in biology, size is so often the key to under- 
standing both anatomy and physiology. A cell’s 
size is conceptual, not merely a fact. Being the 
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Modern microscopy reveals the many mitochondria (red) in a heart cell. 
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‘right’ size places it correctly in its — and our 
— physical universe. 

How We Live and Why We Die is a translation 
from another language — biology. Years ago, 
Bob Burchfield, then the editor of the Oxford 
English Dictionary, told me that biology had 
more words of its own than any other area of 
knowledge, 60,000 or so — a greater number 
than most of the world’s languages. Thus the 
scale of biological language is a measure of 
how biology has overwhelmed its history. 
The meanings of these words — the things 
and ideas that lie behind them — have to be 
negotiated into the semantic space of our eve- 
ryday, more familiar world. Indeed, the book 
shows just how unfamiliar, eclectic, mongrel, 
or simply borrowed and recycled, the biologi- 
cal vocabulary is: HOX genes, sonic hedgehog, 
spindle, apoptosis, aster, telomere, P53, French 
flag model, and so on. 

Translation from biology is harder than that 
from a national language where much in its 
culture would be recognizable and the nego- 
tiation of meaning easier. It is a difficulty all too 
apparent in How We Live and Why We Die. And 
it is a difficulty emphasized by the telegraphic 
style Wolpert has adopted. The book says, for 
instance, that “Animal cells like ours generate 
energy from the breakdown of their food when 
combined with oxygen, while plants make use 
of sunlight” A teenage student would 
not get away with that. Both animal 
and plant cells break down ‘food’ 
using oxygen to produce energy. It is 
simply that plants make that food in 
the first place, using sunlight, whereas 
animals do not — they have to for- 
age for it. Sloppy language adds to the 
confused picture in sentences like this: 
“The factory for producing energy in 
animal cells comprises special struc- 
tures known as mitochondria’. “Fac- 
tories” don’t produce energy, they use 
it. A power station is the right anal- 
ogy. “Comprises” is the wrong word 
and “special” tells us nothing. 

Rendering science into under- 
standable everyday language without 
losing its point may be hard. “Lan- 
guage is the dress of thought,’ wrote 
Samuel Johnson. How well do the new 
linguistic clothes fit the ideas? The 
example above — only too typical of 
the book — shows that sometimes the 
answer is, badly. The author seems to 
have been lost for words. And regret- 
tably, so am I. a 
John Galloway is at the Eastman 
Dental Hospital, 256 Gray's Inn Road, 
London WC1X 8LD, UK. 
e-mail: john.galloway@uclh.nhs.uk 
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Industrial strength, corroded 


Qiu Zhijie: Breaking Through the Ice 
Ullens Center for Contemporary Art, 
Beijing 

Until 25 May 2009 


Stepping into Qiu Zhijie’s solo exhibition 
Breaking Through the Ice at the Ullens Center 
for Contemporary Art in Beijing is like 
embarking on an ill-fated journey. Through 
installations, sculptures and ink paintings, the 
artist questions China's obsession with grand 
projects of modernization. 

In The Sinking Giant, an enormous, rusty 
ship’s bow tilts upwards from a sea of broken 
blocks of ice. A dense mess of footprints on the 
deck evokes images of panicking passengers 
running in all directions. The bow also resem- 
bles the heel of a giant foot sticking out of the 
water. Both metaphors signal the ultimate 
decline of any vast man-made structure. 

Further on, the ship’s deck is littered with 
remnants of industrial products (pictured 
above). The steel floor is deteriorating: parts 
peel offand curve upwards, revealing old news- 
paper cuttings citing revolutionary slogans and 
stories of China’s engineering miracles. Lining 
the walls, 30 ink paintings together form a side 
view of the Nanjing Yangtze River Bridge, an 
icon of China’s industrial development. 

In Nation-building Strategy, the hollow 
corpses of four water buffaloes, each cut in 


half horizontally, rest on bamboo mats. The 
lower halves of the bodies are filled with water; 
bamboo flutes float on the surface. Two iron 
rails are placed across the top of the installa- 
tion. The buffalo heads and backs are lined up 
on the corroded floor, looking as if they are 
part submerged in water. 

The buffaloes symbolize traditional agri- 
culture in China. They are often depicted in 
idyllic landscape paintings accompanied by 
farmers playing bamboo flutes. Here, they 
appear in mutilated form, with railways 
crushing their backs. The artist expresses 
how China’ rural heritage has been violently 
sidelined by industrial development. 

Qiu is the first Chinese artist living in 
China to have a large solo exhibition at the 
Ullens Center for Contemporary Art. The gal- 
lery’s location, at the heart of the Dashanzi art 
zone in northeastern Beijing, is pertinent to 
his work. The art zone grew out of a factory 
complex, abandoned in the late 1980s, which 
was part of the ‘socialist unification plan’ of 
military—industrial cooperation in the 1950s 
between China, the former Soviet Union and 
East Germany. 

It is ironic that Qiu’s critique of China’s 
development path is displayed in a district 
threatened by impending destruction as a 
result of Beijing’s urban sprawl. a 
Jane Qiu writes for Nature from Beijing. 
e-mail: jane@janeqiu.com 
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OPINION 


MADNESS AND MODERNITY 
Vienna in 1900 was a place of 
intellectual tumult, a city at the 
centre of both psychiatry and 
modernism. The Wellcome 
Collection's latest exhibition 
Madness and Modernity, showing in 
London until 28 June, explores how 
ideas of the mind from Sigmund 
Freud and others influenced views 
of madness ina period of great 
change. Fears of living ina modern 
city created anxieties that resonate 
today, raising questions about our 
attitudes to mental illness and its 
treatment. 
http://tinyurl.com/madnessmodernity 


FATHER OF ABSTRACTION 

A major retrospective of Wassily 
Kandinsky's work opened this 

month at the Centre Pompidou in 
Paris, running until 10 August. The 
exhibition probes beyond his popular 
image as the inventor of abstract 
painting. It includes watercolours 
and manuscripts 
from 1914-17 that 
were recently 
rediscovered 

in his native 
Russia, anda 
portfolio from the 
Bauhaus school 
that was made 
for his 60th 
birthday in 1926. 
Kandinsky's vivid 
use of colour 
—as inhis Einige 
Kreise (1926; 
pictured right) — may have been 
influenced by his experiences of 
synaesthesia. 
http://tinyurl.com/kandinskyparis 


ART OF WORDS 

Language is explored in Tangled 
Alphabets, an exhibition of work by 
two South American artists, the 
Argentinian Leon Ferrari and the 
Swiss-born Brazilian painter Mira 
Schendel. On show at New York's 
Museum of Modern Art until 15 June, 
their drawings, sculptures and 
paintings explore the philosophy of 
language in visual terms — as the 
embodiment of voices, words and 
gestures, and as a metaphor of the 
human acts of writing and naming. 
http://tinyurl.com/moma-tangled 
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QUANTUM CHEMISTRY 


The little molecule that could 


Chris H. Greene 


The creation of diatomic molecules bound by roaming electrons that allow a huge internuclear distance is 
some achievement. It opens the door to further experimental exploitation of the principles involved. 


Decades ago, chemists and physicists identi- 
fied the various types of molecular bonding 
that are possible, including the standard ionic 
and covalent schema presented today in every 
introductory chemistry text. In the meantime, 
most practitioners of quantum chemistry have 
meandered on to larger species with the goal 
of predicting and elucidating the properties of 
huge molecules containing dozens, hundreds 
or even thousands of atoms. Yet the simplest 
molecules of all, the diatomics, which have 
a mere two atoms, still present puzzles and 
surprises. A case in point is the beautiful 
experiment by Bendkowsky et al.', described 
on page 1005 of this issue. The authors used the 
delicate techniques of ultracold atomic phys- 
ics to create and detect molecules made up of 
two rubidium atoms that are bound together 
by a ghostly quantum-mechanical force field at 
distances as large as 100 nanometres — greater 
than the size of a small virus. 

The interaction depends on one of the part- 
ners being a ‘Rydberg aton’ — an atom in an 
excited state with at least one electron having a 
high principal quantum number, meaning that 
it roams far from its parent nucleus. When a 
roaming Rydberg electron manages to bind 
together two atoms separated by distances of 
100 nm or more, it resembles a sheepdog that 
keeps its flock together by roaming speedily 
to the outermost periphery of the flock and 
nudging back towards the centre any member 
that might begin to drift away. In Bendkowsky 
and colleagues’ experiment, it is a distant 
rubidium atom in its ground (lowest-energy) 
state that this spirited Rydberg pup keeps 
from drifting away; and the spectroscopic 
signature measured precisely in laser-light 
absorption is strong evidence that the atom is 
in fact trapped and vibrating back and forth 
in a delicate potential well as one member ofa 
diatomic molecule. The measured vibrational 
binding energy, in temperature units, is only 
around 1 millikelvin, or 4 billionths of an elec- 
tronvolt, which explains why, in practice, such 
a molecule can be formed only in an ultracold 
experimental environment. 

The diatomic molecules one normally 
encounters, for any pair of atoms in the peri- 
odic table, have a single characteristic shape 


Figure 1| A different class of Rydberg molecule. This is a depiction, shown in polar coordinates, of 
the theoretical quantum-mechanical electron density in the ultra-long-range ‘butterfly’ Rydberg 
molecule’ composed of two rubidium atoms. This particular state has a level of excitation (expressed 
as a principal quantum number, n=70) that is about twice that seen by Bendkowsky et al.’. Creation 
of this highly polar molecule might now be possible given the experimental advances made by this 
group’. (Figure produced by E. L. Hamilton.) 


for their ‘potential curve’ which represents the 
effective potential energy between the atoms, 
averaged over the much faster electrons, as a 
function of interatomic distance R. This poten- 
tial energy U(R) is repulsive at small distances, 
but attractive at large distances. Choose any 
two ground-state atoms in the periodic table, 
and you will be guaranteed to find this basic 
topology for the potential curve, with a sin- 
gle potential minimum where the molecule 
normally resides in a happy compromise 
between repulsion and attraction. These bond 
lengths range from 0.05 to 0.2 nm for most 
atom pairs, with only a few exceptions such as 
the helium-helium dimer, for which the mean 
atomic separation is around 10 nm. 

In the 1970s and 1980s, several groups” * 
came up with observations of what initially 
seemed to be an academic peculiarity. They 
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demonstrated, for certain diatomic molecules 
in highly excited electronic Rydberg states, a 
totally different topology for the force field 
or potential-energy curve that oscillates as a 
function of the interatomic distance. Owing 
to the explosive growth in the science of the 
ultracold, these observations led in 2000 toa 
prediction’: that these oscillatory force fields 
can actually bind molecules in delicate stable 
(or metastable) states with a huge atom-atom 
separation. Subsequent theoretical studies*® 
provided independent evidence for the valid- 
ity of that prediction. But until the experiment 
of Bendkowsky et al.', no direct creation nor 
detection of such molecules in quantized 
states of vibration had been achieved. And the 
evidence of that successful creation is highly 
convincing. The authors observed not just one 
such quantum state, but several — following 
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the anticipated basic pattern® — in more than 
one state of vibration, and also several different 
electronic excitations. 

Intriguingly, the key to understanding the 
existence of such molecules goes back to Enrico 
Fermi’s idea’ of a ‘zero-range pseudopotential; 
which gives the effective interaction at very low 
energies between two quantum particles that 
have no electrostatic force between them. That 
fruitful idea has subsequently found applica- 
tion in many different contexts in which the 
interacting particles have a long quantum 
(de Broglie) wavelength, most notably in mod- 
ern times in the description of degenerate 
quantum gases at nanokelvin temperatures. 

One reason why this new experiment’ is 
important is that it provides a confirmation 
of the theoretical approximations, based on 
Fermi’s pseudopotential, that were invoked for 
the original prediction of such odd molecules. 
This is an energy range well beyond current 
capabilities in theoretical quantum chemistry, 
which are almost exclusively limited to expan- 
sions into Gaussian basis sets’°. Altogether dif- 
ferent techniques are needed to treat long-range 
Rydberg molecules such as the ones formed in 
Bendkowsky and co-workers’ experiment’, 
and the agreement between theory and experi- 
ment showcased in their Figure 3 (page 1006) 
suggests that Fermi’s elegant idea might pro- 
vide a theoretical description of some such 
species that remain beyond today’s brute-force 
numerical computations. 

Bendkowsky and colleagues’ work opens 
up exciting possibilities. One is that a second 
class of much more strongly bound Rydberg 
molecules could be formed by carrying out 
additional excitations of the molecules that 
have just been created. The most striking of 
these is polar’, with an electronic wavefunc- 
tion that resembles the ancient trilobite, 
whereas another variety’ brings a butterfly to 
mind (Fig. 1). These two types could be par- 
ticularly important because they have huge 
electric dipole moments that would facilitate 
their slowing or manipulation by applied fields. 
Another avenue for exploration arises from a 
theoretical proposal*® to dock more than one 
ground-state atom in these oscillatory poten- 
tial wells, and thereby create huge Rydberg 
molecules with three or more atoms. 

The longest-lived of the molecules pro- 
duced by Bendkowsky et al.’ survives for only 
18 microseconds. This is less than a third of 
the corresponding Rydberg atoms lifetime, and 
the reason for this shortened lifetime remains 
unclear. A mere 20 millionths of a second might 
seem much too fleeting to be of interest, but 
such survival times are truly metastable when 
compared with the Rydberg electron’s orbital 
period, a million times shorter. Nevertheless, 
a future challenge will be to understand the 
reasons for this fast decay, and to find macro- 
molecular species that live long enough to be 
manipulated. a 
Chris H. Greene is in the Department of Physics 
and JILA, University of Colorado, 
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SCHIZOPHRENIA 


A point of disruption 


Christopher A. Ross and Russell L. Margolis 


Much is still to be learned about the molecular basis of mental disorders. 
The identification of a signalling pathway that is affected in schizophrenia, 
and which thus provides potential therapeutic targets, is a welcome advance. 


The biology of many mental illnesses, includ- 
ing schizophrenia, bipolar disorder and 
depression, is incompletely understood. But it 
probably involves subtle abnormalities in neu- 
ronal development and associated signalling 
pathways’. The illnesses might be caused by 
dysfunction in the migration and maturation 
of neurons in the cerebral cortex, and by alter- 
ations in neuron formation (neurogenesis). 
Studies in cell and mouse models have impli- 
cated the DISC] (disrupted in schizophrenia 1) 
gene. But although a plethora of proteins are 
known to interact with DISC1 (ref. 4), the 
pathways by which this protein changes the 
cellular properties affected in mental disor- 
ders remain elusive. In a paper published in 
Cell, Mao et al.” identify a signalling pathway 
that is regulated by DISC1. Their finding not 
only provides insight into the role of this pro- 
tein in the proliferation of neural progenitor 
cells, but, even more strikingly, also high- 
lights potential targets for the development of 
therapeutic drugs. 

The DISC1 gene was discovered during 
an analysis of a chromosomal translocation, 
in which chromosomes 1 — where DISC1 is 
located — and 11 are broken and rejoined to 
each other. This translocation, which results in 
a truncated DISC1, was found to be associated 
with both schizophrenia and affective disorder 
ina large Scottish family*”. The disrupted gene 
either fails to express normal DISC1 protein 
or produces a truncated protein that interferes 
with the function of normal DISC1. Either 
way, loss of DISC1 function is believed to be 
the outcome. 

The known functions of DISC1, based on 
cell and animal studies, include mediation or 
modulation of nucleokinesis (the movement 
of cell nuclei, critical for neuronal migration); 
intracellular transport; the migration and matu- 
ration of cortical neurons; and the regulation of 
synaptic communication between neurons and 
of gene transcription®”. Moreover, in vivo stud- 
ies" have shown that DISC1 is active in the 
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adult human brain, regulating neurogenesis, 
migration of neurons and integration of their 
synapses into functional circuitry in the hippo- 
campus. The molecular pathways through 
which DISC1 exerts these effects, however, 
have remained poorly understood. 

Mao et al.° combine elegant biochemical, 
cellular and mouse-behavioural analyses to 
show that DISC1 modulates the Wnt signal- 
ling pathway, which is known” to regulate 
neurogenesis in the adult hippocampus. The 
authors show that DISC1 interacts physically 
with GSK36, an enzyme involved in many cel- 
lular signalling pathways, including Wnt”. 
They define the interacting regions of DISC1 
and GSK36, and identify a small peptide that 
can inhibit the interaction. When GSK36 binds 
to DISC1, there is a decrease in the number 
of phosphate groups that it carries and thus in 
its ability to phosphorylate the downstream 
signalling molecule B-catenin*. Consequently, 
B-catenin becomes stabilized and can move 
into the nucleus, where it acts as a transcrip- 
tion factor to induce the expression of a set 
of genes necessary for neurogenesis. These 
results clearly identify DISC] as a key regula- 
tory factor in the GSK36-B-catenin signalling 
pathway (Fig. 1). 

Mao et al. further show that reducing DISC1 
levels leads not only to loss of neurogenesis, but 
also to changes in the behaviour of the mice 
similar to those observed in mouse models of 
schizophrenia or depression induced by muta- 
tions in DISC1. These behavioural changes are 
detected using tests such as novelty-induced 
hyperactivity in open-field testing and the 
forced swim test. What’s more, the authors 
find that these abnormalities can be overcome 
by inhibiting GSK36 using a chemical com- 
pound called SB 216763. Thus, in addition to 
linking DISC1 to GSK3B-mediated signalling, 
Mao and colleagues’ data provide clues, albeit 
speculative ones, to the development of DISC1- 
related psychiatric disorders. 

Intriguingly, as the authors point out, the 
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Figure 1| Potential role of GSK36 and DISC1in mental disorders. The cytoplasmic protein GSK36 is a 
downstream target of both the signalling pathway activated by Wnt — through its receptor Frizzled — 
and that triggered by antipsychotic drugs through the dopamine type 2 (D2) receptor and Akt. Moreover, 
Mao et al.’ find that both the DISC1 protein, naturally, and the drug SB 216763, artificially, can block 
GSK36 inhibition of b-catenin phosphorylation and its resulting destabilization. Stable b-catenin can 
then move to the nucleus, where it acts as a transcription factor, triggering the expression of genes that 
mediate neurogenesis. DISC] also interacts with phosphodiesterase 4B (PDE4B), a target of the drug 
rolipram, providing another connection to drug treatment. Enzymes and receptors that are existing or 
potential targets for treating mental disorders are shown in orange, and drugs are shown in green. 


GSK36-f-catenin pathway has already been 
implicated as the target of drugs used to treat 
psychiatric disorders'*"* (Fig. 1). For instance, 
lithium, a mainstay of treatment for bipolar 
disorder, can affect this pathway through the 
Akt enzyme — although by itself Akt proba- 
bly does not regulate neurogenesis — and also 
directly through GSK38. In addition, all avail- 
able antipsychotic drugs act through dopamine 
type 2 receptors, which can also modulate Akt 
activity. Finally, some antidepressants, such as 
fluoxetine (Prozac), enhance neurogenesis, and 
might therefore also modulate this pathway. 
Other antidepressants, such as rolipram, act on 
the enzyme phosphodiesterase 4B, which asso- 
ciates with DISC] (refs 1, 7), providing another 
connection to therapeutics. The novelty of Mao 
and colleagues’ work lies in the fact that they 
tie drug action to a pathway associated with the 
proposed cause and pathogenesis of psychiatric 
illness. Previous psychopharmacology studies 
placed more emphasis on the mechanism of the 
drugs’ action than on the biology underlying 
the illness. 

This study therefore potentially sets the 
scene for the development of further drugs. 
First, however, many tantalizing questions 
must be answered. As a key modulator of 
GSK38, the Wnt-f-catenin signalling path- 
way and potentially many other pathways, 
how does DISC1 affect one specific pathway 
over another? As GSK36 is subject to complex 
regulation, perhaps there are opportunities for 
specificity at the level of phosphorylation. And 
why are various drugs that converge on DISC1 
effective for treating some mental disorders but 
not others? Lithium, for example, is effective 


in bipolar disorder but not schizophrenia, 
whereas antipsychotic drugs are useful for 
treating the delusions and hallucinations of 
schizophrenia, but less so for mood symp- 
toms. Specificity may arise somewhere along 
the GSK3B-Akt pathway, but identifying the 
proteins involved is essential, as these are likely 
to be prime targets for drug development. And 
if this pathway doesn't lead to specificity, what 
other pathways might contribute to it? More 
generally, does the GSK3B-B-catenin pathway 
interact with pathways involving other genes 
implicated in psychiatric disorders? 

And there are other questions. Does DISC1 


malfunction primarily affect initial neuronal 
development, thereby leading to permanent 
structural abnormalities, or does it cause 
ongoing, and potentially reversible, prob- 
lems? Could DISC1 influence the function of 
differentiated neurons? What effects might 
SB 216763 have in genetically engineered 
mouse models of mental disorders? Might this 
drug modulate the effects of DISC1 mutation 
during an animal’s development, and could 
it also ameliorate such effects in adulthood? 
Could this inhibitor itself be a useful drug for 
treating mental disorders? Thanks to Mao 
and colleagues’ landmark study, there is now 
a framework for addressing these questions, 
fostering the hope that such investigations will 
lead to better drugs for treating schizophrenia 
and other psychiatric disorders. a 
Christopher A. Ross is in the Departments of 
Psychiatry, Neurology and Neuroscience, and in 
the Program in Cellular and Molecular Medicine. 
Russell L. Margolis is in the Departments of 
Psychiatry and Neurology, and in the Program in 
Cellular and Molecular Medicine, Johns Hopkins 
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GLOBAL CHANGE 


China at the carbon crossroads 


Kevin Robert Gurney 


In China, as in other nations that produce carbon dioxide from fossil fuels 
ona large scale, the terrestrial biosphere mops up a proportion of the 
emissions. Estimates of the amounts involved are now available. 


According to recent estimates'”, in late 
2006 China overtook the United States as 
the world’s number one emitter of carbon 
dioxide, the primary greenhouse gas. This 
dubious honour highlighted the swift growth 
of CO, emissions in China, much of that 
growth being due to rapid industrialization 
fuelled by coal-powered energy and cement 
manufacturing (during which especially 
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large amounts of CO, are produced). 

As reported on page 1003 by Piao and 
colleagues’, and as in other large CO, emitters 
of the Northern Hemisphere, China’s trees, 
shrubs and soils are acting to partly offset the 
CO, emissions resulting from fossil-fuel com- 
bustion. Piao et al. estimate this biospheric 
offset by examining changes in soils and veg- 
etation across China and comparing these 
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Country 


Net biosphere uptake 


FF CO, per US$ 


FF CO, per capita 


1990 2006 Decadal mean 1990 2006 1990 2006 
China 0.66 1.56 0.23 (1982-99) 0.57 118 0.33 0.17 
United States s2 1.58 0.44 (1980-90) 522) 526 0.19 0.14 


Table 1 | Carbon comparison between China and the United States. These figures show the rapid rise 
in China’s CO, emissions from fossil-fuel combustion (FF) between 1990 and 2006, and the estimated 
net biosphere uptake**””. Although China is still a smaller emitter of CO, on a per-capita basis 

(FF CO, per capita), the nation is nearing parity with the United States in terms of the ‘carbon intensity 
of GDP’ (FF CO, per US$). Figures for FF CO, and net biosphere uptake are in gigatonnes of carbon 
per year. The figure for FF CO, per capita is in tonnes of carbon per capita; that for FF CO, per US$ is 
in tonnes of carbon per US$1,000. Figure 1 unveils the key drivers underlying this growing parity in 


carbon intensity of GDP. 


changes with fluxes calculated both from 
models of the land biosphere and from meas- 
urements in the atmosphere. They conclude 
that, over the 1980s and 1990s, the biosphere 
in China removed an average of 0.19-0.26 
PgC yr‘ (petagrams of carbon per year, where 
peta is 10°). That figure roughly corresponds 
to 28-37% of the accumulated CO, emissions 
from fossil fuels during that time. 

The ability of the global terrestrial biosphere 
to remove atmospheric CO, produced by 
fossil-fuel combustion and tropical deforesta- 
tion is an essential element in understanding 
the global carbon cycle*. Although the exact 
mix of mechanisms remains unclear, the Inter- 
governmental Panel on Climate Change esti- 
mates’ that 2.6 PgC yr’ (range 0.9-4.3 PgC yr’) 
was removed by the global terrestrial biosphere 
during the 1990s. When compared with the total 
anthropogenic CO, emissions due to fossil-fuel 
combustion, cement manufacture and defor- 
estation (8.0 PgC yr’; range 6.9-9.1 PgC yr)’, 
the relevance of the biospheric sink becomes 
clear. The point is all the more significant given 
the hypothesis that this uptake will slow as 
climate changes or, worse, turn into a source of 
CO, to the atmosphere®. Hence, reliable projec- 
tions of climate change are inextricably linked 
to our understanding of carbon uptake in the 
terrestrial biosphere. 

One difficulty in building this understand- 
ing is the often contradictory results research- 
ers arrive at when they compare estimates 
of biospheric uptake from measurements in 
forests and grasslands at the regional scale 
with estimates inferred from atmospheric 
CO, (known as the ‘inverse’ approach)’. To get 
these different approaches to converge, care 
must be taken to account for all components 
of carbon exchange between the land and the 
atmosphere, and the movement of carbon in 
and out of the region in question’®. 

To arrive at their estimate for China, Piao 
etal.’ exhaustively catalogue data from all of 
the major vegetation and soil categories in 
China through the use of inventories, field 
measurements, surveys and remote sensing. 
In addition to this ‘bottom-up’ estimate, the 
researchers used five different process-based 
ecosystem models and an ensemble of atmos- 
pheric inversions to arrive at a convergent 
estimate. 

Of the categories of uptake included, three 
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are especially prominent as contributors to the 
biological uptake. First, increased summer 
precipitation and reforestation-afforestation 
programmes have resulted in an increase in 
vegetation across China, particularly in the 
southern regions. Second, reduction in fuel- 
wood collection has led to an accelerated 
recovery of shrubland. Third, the expansion of 
crop production, combined with higher levels 
of crop residues returned to the soil, has pro- 
duced increases in agricultural soil carbon. 
Inverse studies have previously estimated 
net biological uptake in the temperate Asia 
region as a whole”. The convergence of the 
three methods used by Piao et al. strength- 
ens that conclusion considerably, and offers 
insight into what components of China’s 
complex landscape are responsible for carbon 
uptake. As might be expected, the uncertain- 
ties on the uptake figures are large for each of 
the approaches, and some of the terms in the 
bottom-up estimates rely on limited data and 
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Figure 1| The carbon comparison by driver. 
China is represented in red; the United States 

in black. The graphic depicts three trends. 

The downward trends in the carbon intensity 
of GDP (FF per US$)” in both countries were 
driven by efficiency improvements denoted here 
by declines in the energy consumed per dollar 
of GDP produced (joules per US$). The reversal 
of this trend since 2001 in China seems to 

be driven by an increasing proportion of 
carbon-based energy production, as reflected 
in the upper trace. 
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must, by necessity, incorporate assumptions. It 
could also be argued that there is some overlap 
in the methods, in that data sets used to drive 
the ecosystem modelling are also used in the 
inventory estimation. However, the agreement 
is striking even in light of these difficulties. 

A broader context to the estimates of Piao 
et al. is provided by Table 1 and Figure 1. 
These give a comparison of the fossil-fuel CO, 
emissions for China and the United States, 
normalized by the main drivers of emissions 
such as population, energy consumed and 
gross domestic product (GDP)"’. The table 
and figure highlight the fact that, although 
China is the smaller emitter on a per-capita 
basis, it is the larger emitter when normalized 
by GDP (carbon intensity of GDP), a reflection 
of the relatively carbon-intensive power pro- 
duction and inefficiencies in the use of energy 
for making goods and services. However, the 
carbon intensity of GDP has been trending 
down, relative to the United States, as is evi- 
denced by the halving of this measure between 
1990 and 2006. This was driven primarily by 
more efficient use of energy as opposed to 
a less fossil-fuel-based energy-production 
system. The trend reversed in 2001, driven 
by an increasing reliance on carbon-intensive 
primary energy consumption. 

In this broader context, a relevant ques- 
tion is what will happen to China's net carbon 
balance in the future. Although the land bio- 
sphere has partly offset Chinese fossil-fuel 
emissions of CO, in the past, this offset is very 
likely to diminish in percentage terms as China 
continues to emit more fossil-fuel CO, each 
year. For example, on the basis of an estimate of 
emissions for the year 2007, derived from data 
provided by G. Marland (Oak Ridge National 
Laboratory), the mean uptake estimated by Piao 
et al. would have reduced the fossil-fuel CO, 
emissions by 10-15%. By contrast, projections 
for the year 2030, produced by the International 
Energy Agency”, place Chinese fossil-fuel CO, 
emissions at 3.1 PgC yr’, of which only 6-8% 
will be offset by biospheric uptake should 
China's biosphere continue to remove carbon at 
its current rate (a questionable prospect). 

The next round of climate-change treaty 
negotiations will commence in December 
2009, in Copenhagen, where increasing pres- 
sure will be placed on all countries of the world 
to join the international Kyoto Protocol, and 
mitigate their emissions. China is clearly an 
important player in this process. Likewise, 
the status of China’s land sink will also figure 
prominently because intentional (as opposed 
to passive) sink enhancement has a role in the 
international treaty. Because only a portion 
of the biospheric uptake estimated by Piao 
et al.’ can be construed as intentional, the 
allowed biotic offset is likely to be small. But 
unless China curbs its fossil-fuel CO, emis- 
sions, even this intentional land sink will be of 
diminishing help. a 
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COMPLEX SYSTEMS 


Cooperative network dynamics 


George Sugihara and Hao Ye 


Nested, or hierarchically arranged, mutualisms allow ecosystems to 
support more species than they otherwise would. But in this and other 
contexts, the growth of such networks could carry a heavy price. 


On page 1018 of this issue, Bascompte and 
colleagues (Bastolla et al.)' describe how 
they have followed up earlier studies” of the 
mutualistic networks of plants and their animal 
pollinators. This new investigation is an 
intriguing enquiry into whether the particular 
topology of cooperative interactions accommo- 
dates greater biodiversity (network size), and it 
has potential applications beyond ecology to 
the dynamics of social and financial systems. 

In the ecological networks under considera- 
tion, plants and animals compete for resources 
within their respective groups. But they may 
obtain mutual pay-offs across groups, in 
the form of pollination services and nectar 
rewards, that can offset the dynamic limits 
to system size determined by competition. 
These ‘dual category; or bipartite, coopera- 
tive networks exhibit a common architecture 
called nestedness’, in which relative specialists 
— those species with few cooperative links — 
interact only with subsets of species having 
greater numbers of cooperative links. This 
somewhat abstract hierarchical feature gives 
rise to network ‘disassortativity”” , in which 
nodes with few connections (specialists) tend 
to be connected to nodes with many connec- 
tions (generalists), and vice versa. (Strictly 
speaking, nestedness is restricted to bipartite 
networks, and disassortativity isa more general 
property of node connectivity.) Either way, this 
gives the network an overall appearance similar 
to that of the Fedwire network operated by the 
US Federal Reserve System for interbank pay- 
ment transfers’. This network has a dense core 
of well-connected large institutions (general- 
ists) fringed by a periphery of smaller banks 
(specialists). 

How does nested mutualism affect the way 
systems operate? In a fully connected network 
in which all plants cooperate with all animals, 
mutualism reduces the effective competition 
within each bipartite class: within plants and 


within animals. However, in situations in which 
not all mutualistic interactions are present, 
some cooperative links will serve to decrease 
competition (Fig. 1a), whereas others can actu- 
ally increase it (Fig. 1b). To clarify the role of 
nestedness in reducing the effects of competi- 
tion, Bastolla and colleagues’ apply a ‘soft mean 


b Non-nested 
(destabilizing) 


a Nested 
(stabilizing) 


<---> Competition 


®) Individual 

plant species 

cy) Individual 
animal species 


<-----> Indirect effects of mutualism 
<--+--> (negative or positive) 


<—+— Direct mutualism 


Figure 1| Nested mutualism reduces 
competition. a, A nested cooperative network’, 
in which both the specialist plant P, and the 
generalist plant P, interact with the generalist 
animal A,. Because both plants share a 
mutualism with the generalist animal A,, the 
competition between them is reduced. Similarly, 
competition between both animals is decreased 
by mutualism with generalist plant P,. b, Ina 
non-nested network, the specialist animal A, 
does not interact cooperatively with a subset 

of the species with which the generalist animal 
A, interacts. So competition between animals 
A, and A, is exacerbated by mutualism with 
competing plants. The same principles apply 

to competition between P, and P, and between 
P, and P, (amplified by their mutualism with 
competing animals). 


© 2009 Macmillan Publishers Limited. All rights reserved 


field approximation to the plant—animal inter- 
action matrix to derive an analytical expression 
for competitive load. They clearly show that 
nested mutualism reduces overall competition 
fora given number of cooperative interactions, 
and so has a potential stabilizing effect. 

Thus, whereas competition normally 
limits the number of species that can coexist 
(as tough competitive markets often tend 
towards monopoly), the nested cooperative 
models studied here reduce competition and 
allow the system to support more species, or 
higher biodiversity. This model prediction is 
supported by data from 56 plant-animal 
mutualistic networks, providing evidence that 
real cooperative networks with this structure 
attain a larger size than those that are relatively 
less nested. 

Nestedness is not an isolated property of 
plant-animal communities, however, but 
appears in various social contexts, including 
the organization of the New York garment 
industry’ and as disassortativity in the topology 
of the Fedwire network’. Indeed, it is possible 
that the appearance of similar topology among 
diverse cooperative networks may bea result of 
simple shared assembly rules’. 

A common theme among various network 
assembly rules” ” in ecology (for food webs, for 
instance) is the idea of growing the network 
along paths of least resistance, with simple con- 
straints that minimize competition. This is the 
situation in which species join the network in 
order of increasing specialization with minimal 
competitive resistance’ (Fig. 2). As described by 
Bastolla et al.', when a specialist species joins 
the community by interacting with a generalist 
species, overall competitive load is decreased. 
This results in a self-reinforcing nested net- 
work, in which existing generalist species gain 
more connections as specialist species enter the 
system: reduced competition, in turn, attracts 
more specialists. 

In the case of the New York garment indus- 
try’, where cooperation occurs between 
two classes of companies — contractors and 
manufacturers — the establishment of a new 
small contractor (that is, a specialist animal) 
is facilitated if that company cooperates with 
a large, well-established manufacturer (a gen- 
eralist plant). An analogous case may hold for 
the payment networks of banks’, where the 
network topology is disassortative. Here, dis- 
assortativity may arise naturally when banks 
seek relationships with each other that are the 
most mutually beneficial: for example, small 
banks may interact with large banks for secu- 
rity, lower liquidity risk and lower servicing 
costs, and large banks may interact preferen- 
tially with small banks in part because they can 
extract a higher premium for services and can 
in principle accommodate more risk. Simple 
incentive rules can give rise to self-reinforcing 
disassortativity. 

However, the same hierarchical structure 
that promotes biodiversity in plant-animal 
mutualistic networks may also increase the risk 
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a Assembly with minimal competition 


b Assembly with ordered niche values 


Large 


Medium 


Small 


sete Allowed — --------- Forbidden 


Figure 2 | Minimal assembly rules can explain 
structure. a, An assembly rule that minimizes 
competition by adding specialists along paths 

of least resistance’; solid lines denote existing 
connections. The left-hand sequence minimizes 
competition by adding species 4 to a single 

guild of competing species (1 and 3). Because 

it is easier for species 4 to join the network as 

a specialist, this is a path of least resistance. 

In the right-hand ‘forbidden’ sequence, the 

new species (3) must compete with two guilds 

of species — (4 and 1), (2 and 1) — and is not 
entering as a specialist. b, Another common 
minimal assembly constraint is a natural 
ordering in the resource set’, as might result 
from evolution®. The nodes are resources used by 
each species (here, seed sizes), and each species 
is represented as a line joining two resource 
classes. Adding a species that eats small and large 
seeds, but ignores middle-sized ones, violates the 
niche ordering (a common minimal assembly 
constraint)’*’. (Graphic modified from ref. 7.) 


of large-scale failures in cooperative networks’. 
Mutualism facilitates greater biodiversity. But it 
also creates the potential for many contingent 
species to go extinct, particularly iflarge, well- 
connected generalists (for example, certain 
large banks) disappear. 

Moreover, as reported by Bastolla et al.',a 
strong mutualistic interaction between two 
species (excessively favourable selective terms) 
can move the system into a strong mutualis- 
tic regime; this will destabilize other weakly 
mutualistic species groups whose interaction 
strength falls below some threshold. Over time, 
only the strong cooperators survive, and the 
weakly cooperating species groups go extinct. 
This stylized behaviour of simple mutualistic 
networks possibly applies to other domains, in 
which strong cooperation between two agents 
may cause the demise of all other agents — or 
where, in less-stylized cases, uneven coopera- 
tive subsidy or advantage in global networks 
can be dangerous unless the mutually bene- 
ficial effects propagate more or less evenly 
throughout the network. 

As a specific speculative example, consider 
the interdependence of the Internet auction 
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site eBay and the payment system PayPal. 
PayPal was the dominant method of payment 
for eBay auctions when it was bought by eBay in 
2002, strengthening cooperative links between 
the two companies. Insofar as this simplified 
model applies, this duopolistic partnership 
would have encouraged the demise of alter- 
native competing payment systems, such as 
eBay’s Billpoint (phased out after the purchase 
of PayPal), Citibank’s c2it (closed in 2003) and 
Yahoo!’s PayDirect (closed in 2004). 

Whether Bastolla and colleagues’ model! of 
structured cooperation performs the same role 
in other domains is intriguing but unclear. In 
particular, the extent to which the topology of 
cooperative linkages in payment networks — 
or more importantly, in networks of balance 
sheets — may increase systemic risk in the 
financial sector remains an open question’. 
Tackling such questions will no doubt require 


mutualistic cooperation between researchers 
linking different competitive fields. a 
George Sugihara and Hao Ye are at the Scripps 
Institution of Oceanography, University of 
California, San Diego, 9500 Gilman Drive, 

La Jolla, California 92093-0202, USA. 

e-mail: gsugihara@ucsd.edu 


1. Bastolla, U. et al. Nature 458, 1018-1020 (2009). 

2. Bascompte, J., Jordano, P., Melian, C. & Olesen, J. Proc. Natl 
Acad. Sci. USA 100, 9383-9387 (2003). 

3. May,R. M., Levin, S. A. & Sugihara, G. Nature 451, 893-895 
(2008). 

4. Uzzi,B. Am. Sociol. Rev. 61, 674-698 (1996). 

5. Saavedra, S., Reed-Tsochas, F. & Uzzi, B. Nature 457, 
463-466 (2009). 

6. Cattin, M.F., Bersier, L. F., BanaSek-Richter, C., 
Baltensperger, R. & Gabriel, J. P. Nature 427, 835-839 
(2004). 

7. Sugihara, G. Proc. Symp. Appl. Math. 30, 83-101 (1984). 

8. Burgos, E. etal. J. Theor. Biol. 249, 307-313 (2007). 

9. Nier, E., Yang, J., Yorulmazer, T. & Alentorn, A. Bank of 
England Working Pap. 346 (online) (2008). 


NEUROSCIENCE 


Optical control of reward 


David E. Moorman and Gary Aston-Jones 


Is it wishful thinking that the behaviour of an organism as complex as a mouse 
might be controlled by modulating its intracellular signalling with light? 
No: this is just what researchers have achieved with an elegant technique. 


Ever since the Italian physician Luigi Galvani 
discovered that frogs’ muscles twitch when 
stimulated electrically, the integral role of 
electricity in the functioning of the nervous 
system has seemed clear. But there is also a 
growing appreciation that intracellular signal- 
ling pathways — which can interact with the 
extracellular environment through G proteins 
and G-protein-coupled receptors (GPCRs) 
— play an essential part in the processing of 
information by neurons. Deisseroth and col- 
leagues' (Airan et al., page 1025 of this issue) 
now describe a powerful technique that allows 
intracellular signalling pathways to be control- 
led through the activation of GPCRs by light. 
Intriguingly, by modulating specific signalling 
cascades in this way, the authors can control 
behaviour in mice. 

Deisseroth and colleagues” had previously 
shown that naturally occurring light-activated 
ion channels, such as channelrhodopsin-2 
(ChR2) and halorhodopsin, could be inte- 
grated into neuronal cell membranes to drive 
the respective activation or inhibition of 
electrical impulses using light. By means of 
this and other similar techniques”, neuronal 
impulses can be regulated with unprecedented 
temporal, spatial and cell-type specificity. In 
the latest development, Airan et al.' have cre- 
ated chimaeric GPCR molecules that they call 
optoXRs. The extracellular and transmem- 
brane portions of optoXRs (opsin) consist of 
the light-activated rhodopsin protein, but their 
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intracellular components are those of specific 
GPCRs. The authors focused on two main 
receptors for the neurotransmitters adrenaline 
and noradrenaline: the 8, receptor, which cou- 
ples to G, proteins, and the a,, receptor, which 
couples to G, proteins. As these two classes of 
G protein activate signalling pathways that 
are mediated by different effector molecules’, 
the authors could control a wide range of 
intracellular signalling pathways. 

Airan et al. first expressed optoXRs in cell 
lines to test the molecules’ basic functional- 
ity. Depending on the optoXR expressed, they 
observed a robust light-driven increase in the 
levels of the cellular signalling molecules cal- 
cium, cAMP and Ins(1,4,5)P; — effects that are 
associated with activation of the corresponding 
native GPCRs. What’s more, the levels of increase 
were similar to those that occurred after activa- 
tion of the native receptors, demonstrating that 
optoXRs can potentially regulate intracellular 
signalling in a physiologically relevant yet 
precise manner via specific G proteins. 

Theauthors next investigated light activation 
of optoXRs in brain slices containing neurons 
from the nucleus accumbens region. They report 
an increase in the levels of phosphorylated 
CREB, a protein that functions downstream of 
G,- and G,-mediated pathways. So it seems that 
even downstream components of these pathways 
can be activated by light without the need for 
additional cofactors, a requirement that would 
have limited this technology’s applicability 
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in vivo. Moreover, illumination of individual 
neurons either increased or decreased impulse 
activity, depending on the type of GPCR 
they expressed. The kinetics of activation or 
inhibition matched that expected for signalling 
molecules acting downstream of GPCRs, as 
opposed to that due to a direct electrical effect. 

Notably, light stimulation of optoXRs in the 
nucleus accumbens influenced reward-related 
behaviour in mice more reliably than did stim- 
ulation of ChR2 that simply increased impulse 
activity. This behaviour was assessed using a 
‘place-preference test’ in which the strength 
of the association an animal makes between a 
pleasant stimulus (such asa drug or food) anda 
specific location is determined by the time the 
animal spends in that location in the absence 
of the stimulus®. 

Airan et al.’ implanted optical fibres in mice 
expressing optoXR in their accumbens neu- 
rons. In this way, they could activate specific G 
proteins with light pulsed into the accumbens 
whenever the animals entered a specific loca- 
tion. On a subsequent test day (in the absence 
of light stimulation), these mice showed a 
strong preference for the location previously 
paired with stimulation of the a,, optoXR, 
weaker preference if the B, optoXR had been 
stimulated, and virtually no preference when 
ChR2 had been stimulated. Thus, whereas 
simply increasing electrical-impulse activity 
in accumbens neurons (using ChR2) does 
not produce preference, activation of distinct 
intracellular signalling pathways is effective in 
generating this behavioural response. 

The idea that the coding of information in 
the nervous system, as reflected in responses 
such as learning and behaviour, is mediated 
by factors other than the impulse activity of 
neurons is conceptually new, and the authors’ 
technique could lead to substantial insights 


OptoXR-expressing 
neurons 


Specific 
behaviour 


Selected networks 


into nervous-system function. But one ques- 
tion, which is not addressed in this paper, 
arises immediately: how can the behavioural 
output of the nervous system be mediated by 
intracellular signalling rather than by electrical 
impulses? 

The answer may lie in the fact that G proteins 
and GPCRs are involved in neuronal modu- 
lation mediated by neurotransmitters such as 
dopamine and noradrenaline. Neuromodula- 
tion is different from neuronal activation or 
inhibition, because it affects the activity of 
target neurons by regulating their responses 
to inputs from otherneurons, rather than by 
simply increasing or decreasing their elec- 
trical activity’*. Light stimulation of ChR2 
electrically activates a neuron, but has no 
modulatory effect on the neuron’s response 
to other inputs. Light activation of optoXRs, 
however, activates specific signalling cas- 
cades, which can alter the neuron’s response 
to other inputs, in effect creating a context for 
the target neuron’s responses so that it becomes 
more sensitive to some inputs than to others 
(Fig. 1). This effect allows more subtle but 
complex manipulation of impulse activity in 
a neuron in response to its multiple networks 
of inputs, thereby potentiating (or de-potenti- 
ating) throughput for selected networks. The 
associated effects would be more than simply 
increasing or reducing impulse activity, and 
could include both short-term* and long-term’ 
changes in various cellular processes. 

Other questions stemming from this report 
relate to similarities or differences between 
light-mediated and normal chemical control of 
G proteins. For example, how flexible is Airan 
and colleagues’ method in mimicking physio- 
logical signalling in vivo, given that the dura- 
tion, frequency and temporal pattern of light 
stimulation used by the authors’ were optimal 
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Figure 1| Light stimulation, intracellular 
signalling and regulation of function in neural 
networks. Airan and colleagues’ data’ suggest 
that light stimulation of chimaeric GPCRs 
(optoXRs) activates intracellular signalling 
pathways and is involved in regulating the 
function of neural networks. Light stimulation 
of optoXRs can activate intracellular signalling 
pathways to produce various responses, 
including phosphorylation (P) of specific 
receptors (inset). Potentiation of receptors in this 
way could select a subset of input neurons (red 
and blue) to influence the optoXR-expressing 
neurons. Thus, neuromodulation by intracellular 
signalling can bias network output signals that 
produce distinct behaviours depending on the 
GPCR activated. 


for the effects they report? Also, was the light 
activation of G proteins generally reinforcing or 
rewarding, or did it have some other effect that 
resulted in conditioned place preference? And 
would this technique be useful for specifically 
modulating other behaviours? The last ques- 
tion is salient, given that the authors expressed 
optoXRs non-selectively — potentially in all 
types of accumbens neuron. This concern 
could be readily addressed by including cell- 
type-specific promoter sequences upstream of 
the genes encoding optoXRs””. 

Despite these questions, Airan et al.' have 
undoubtedly developed an important tech- 
nique. Whereas neuroscientists will rightly be 
enthusiastic about its uses in basic research, 
it could also potentially be used to develop 
new treatments for mental disorders, in 
which GPCR-mediated signalling is often 
affected”. a 
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John Maddox (1925-2009) 


John Maddox, who died on 12 April, was editor of Nature during 1966-73 and 1980-95. He transformed 
the journal from a collegially amateurish publication into one that was challenging and professional in its 
assessment of science and in its journalistic reportage. 


John Royden Maddox exerted an 
influence on science and the politics 
of science that was unequalled by 
any journalist or editor in recent 
times. He was unique among science 
journalists in the depth of his 
understanding and his authority, for 
he began his career as an academic 
scientist and throughout his life 
maintained a passionate enthusiasm 
for science. In many areas, especially 
in theoretical physics and in 
cosmology, he could debate technical 
questions with the professionals at 
their own level. As editor of Nature 
he took nothing for granted, and 
was known to settle arguments with 
authors or referees by tackling the 
equations himself. 

Maddox’ intellectual appetites were 
voracious. His powers of assimilation 
anda remarkable memory enabled 
him to talk and write penetratingly 
on just about any subject with little 
apparent effort. During his two long 
stints as editor of Nature, he would 
dictate his leading articles to his 
secretary, Mary Sheehan, in prose that 
seldom needed revision. 

Maddox was born near Swansea, south 
Wales, in 1925. He attended the local school, 
from which, at the age of 16, he won a 
scholarship to Christ Church, University 
of Oxford, to read chemistry. There he also 
played rugby and led a boisterous life as an 
undergraduate. He was drawn to theoretical 
physical chemistry, and at King’s College 
London embarked on a research project 
in molecular orbital theory with Charles 
Coulson, then the leader in the field. 

Maddox never wrote up his doctoral thesis, 
but in 1949 he went directly from Coulson to 
the University of Manchester as an assistant 
lecturer in theoretical physics. Manchester 
was a centre of excellence in the physical 
sciences — Alan Turing and F. C. Williams, 
for instance, were developing the first 
advanced computer, and for a while Maddox 
worked alongside Turing as a programmer. 

After several years of research and teaching 
theoretical physics, Maddox, who was 
regarded as a theoretician of exceptional 
talent, found himself struggling to keep 
his family on a lecturer's salary. So when in 
1955 he was offered the position of science 
correspondent of what was then still the 


Maddox was first appointed editor of Nature in 1966, as marked by 
a cover story in Saturday Review. 


Manchester Guardian, at twice his university 
income, he found it impossible to refuse. 
Having always shown reluctance to publish 
the results of his research, he now embraced 
the challenge of publishing every day. From 
the outset, he was valued on the paper for his 
ability to fill a column of 2,000 words with 
engrossing material at an instant’s notice. 

In 1962-63, Maddox tooka year out from 
the Guardian on a faculty appointment at 
what was then the Rockefeller Institute in 
New York. He lectured a little, talked a lot 
of science and, as he put it, persuaded a 
lot of people who had written bad papers 
not to publish them. The president of the 
Rockefeller, Detlev Bronk, offered Maddox 
a permanent position on the faculty, but 
he had already decided to return to Britain 
and a new challenge: he joined the Nuffield 
Foundation to direct the ambitious Science 
Teaching Project. 

Then Nature came calling. In 1965 the 
editor, Jack Brimble, died and Maddox was 
offered the position by Maurice Macmillan, 
company chairman and scion of the family, 
which still owned the journal. At that time 
Nature was ina sad state. Its circulation 
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was a mere 11,000 (3,000 copies of 
which were sold abroad), the news 
coverage was scanty and flat, and 

there was only one qualified scientist 
on the staff. Maddox hesitated 

about taking charge of what seemed 

to be a moribund enterprise. He 

asked Macmillan how the backlog 

of unpublished manuscripts stood. 
Someone was sent to count them and 
the answer, when it came back, was 
2,300. In the Nature office Maddox 
found the backlog arranged in stacks 
on the floor by month of submission, 
forming a histogram with a Gaussian 
distribution. He exacted, as one of his 
conditions for taking the job, a promise 
of additional pages to allow elimination 
of the arrears over a period of 

18 months. He took home a suitcase full 
of papers each evening and weekend 
until he had scrutinized every one. 

Within a few months the journal 
took on an unaccustomed buoyancy. 
Hard-hitting leading articles on 
science policy issued from Maddox’s 
pen, commentaries on current 
developments in science appeared 
in the reinvigorated News & Views 
section and a refereeing system was instituted. 
Maddox recruited an able staff and imbued 
them with his energy and enthusiasm. He 
forged an agreement with The Times to 
provide a science news column, and later, in 
1970, established the first Nature office in the 
United States, in Washington DC. 

In 1973, following disagreements with the 
management about matters of publishing 
policy, Maddox resigned and was succeeded 
by David Davies. Maddox had started two 
offshoots, Nature New Biology and Nature 
Physical Sciences, so that in effect Nature 
was now publishing three times a week, and 
it was a source of much regret to him that 
this prescient initiative was abandoned on 
his departure. After two years as a freelance 
writer and publisher, he was appointed 
director of the Nuffield Foundation. But 
after a while he began to chafe at the limited 
opportunities for expansion, and when, 
in 1979, he was approached by Macmillan 
Publishers with the offer of his old job back, 
he accepted. 

Nature had not done badly in the 
intervening years, but its circulation had 
suffered a minor relapse and Maddox 
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set to with renewed energy to pursue his 
vision for the journal. He enlarged the staff, 
and arranged to supply Le Monde with 
regular articles about science. Nature also 
sponsored conferences in the liveliest areas 
of science and technology; these were held in 
Cambridge (UK), Boston, Paris, Tokyo and 
elsewhere, and attracted large audiences. 

Editorial offices in France, Germany and 
Japan followed, and the journal took ona 
truly international aspect. Its circulation 
rose to 57,000, and its reputation likewise 
burgeoned. Maddox had come close to his 
professed ideal — to ensure that Nature 
would become indispensable reading, and 
that every scientist (and many others too) 
would await its weekly delivery in the post 
with keen anticipation. 

Maddox abhorred stasis: he was an endless 
source of ideas, many brilliant, others 
dismaying to his staff (although often his 
aim was only to keep them on their toes). 

His restless eye for a scientific or journalistic 
coup led him on occasion into deep waters. 
Once in a while he would overrule a colleague 
and insist that a controversial manuscript be 
published, despite anguished objections in 
the office and the firm opinions of reviewers. 
Once or twice such papers were juxtaposed 
by areferee’s dissenting evaluation. 

The most notorious such episode, which 
occurred in 1988, centred on a paper from 
the laboratory of Jacques Benveniste in Paris, 
purporting to show that a substance, diluted 
to the point at which not one of its molecules 
remained in the assay mixtures, could still 
exert its biological effect. Maddox published 
the paper, along, shortly afterwards, with 
a rebuttal based on a visit to Benveniste’s 
laboratory by himself, an American referee, 
and the well-known magician James (the 
Amazing) Randi. A correspondent wrote that 
it was at last clear to him how Nature selected 
papers for publication: they were chosen, he 
now surmised, by the editor, a conjuror and 
his rabbit. Maddox relished the uproar that 
followed, and remained unrepentant. 

As science itself continued to grow, so did 
the demand for new publications. Nature and 
other high-profile journals could absorb only 
a few of the high-quality papers now seeking 
an outlet. Hence the impetus for the launch 
of monthly companion 
journals to Nature, to 
accommodate papers that 
the mother journal had to 
decline for lack of space, 
or that were deemed too 
specialized for the broad 
appeal at which it had 
always aimed. Nature 
Genetics was the first to 
appear, in 1992, and was 
an instant success. These 


Brenda and John Maddox 
in the early 1960s. 
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publications, which bear the Nature name but 
are editorially independent, now number 15 
research journals and 15 review journals. 

In 1996, John Maddox was knighted for 
his services to science, and in 2000 he was 
elected an honorary fellow of the Royal 
Society. It was widely recognized that he 
had represented the interests of science and 
scientists nationally and internationally 
through his books, editorials in Nature, 
articles in the press, public lectures and 
appearances on television and radio. 

On occasion, he undoubtedly caused 
government departments to reconsider 
science policy; he was also fearless in taking 
on what he held to be irresponsible reporting, 
as when he roundly defeated The Sunday 
Times in its espousal of a misguided and 
socially dangerous theory of the causation of 
AIDS. He retired from Nature in 1995, after a 
total of 22 eventful years in the editorial chair. 

Maddox’s several books, especially What 
Remains to be Discovered (Free Press, 1997), 
attracted wide attention and were unfailingly 
stimulating. He was an inveterate traveller, 
who seldom turned down a request to 
deliver a lecture or take part in a conference, 
wherever it might be. He was responsible for 


launching an accessible monthly digest of 
Nature (now alas defunct) for distribution 
in Russia and for bringing science to the 
celebrated literary festival at Hay-on-Wye, 
near his weekend cottage in Wales, where he 
also served as a conscientious councillor. 
John Maddox was engaging and 
stimulating company: his range of friends 
extended far beyond the confines of 
science, and following his retirement many 
of his protégés in the Nature office and 
elsewhere remained in close touch. In his 
slightly hesitant and invariably courteous 
way, he could be severe on the workshy or 
complacent, but to those who shared his 
enthusiasm he gave unstinting support. 
He leaves his wife Brenda, a distinguished 
journalist and biographer, their son and 
daughter, who both followed their parents 
into notable careers in journalism, and a son 
and daughter from a previous relationship. ™ 
Walter Gratzer 
Walter Gratzer was the first regular News & Views 
correspondent appointed by John Maddox. He 
is at King's College London, The Randall Division 
of Cell and Molecular Biophysics, New Hunt's 
House, Guy's Campus, London SE11UL, UK. 
e-mail: walter.gratzer@gmail.com 


A publisher's perspective 


During the latter part of his first period as 
the editor of Nature (1966-73), John Maddox 
combined his job with responsibilities as 
managing director of Macmillan Journals 
— a division of what became Macmillan 
Publishers Ltd. 

As such, Maddox’s influence within the 
company spread beyond Nature and indeed 
far beyond the other journals it published. At 
that time, Macmillan was living off its past 
as publisher not only of Nature, founded in 
1869, but of such authors as Henry James, 
Thomas Hardy, Rudyard Kipling, W. B. Yeats 
and John Maynard Keynes. The list of books 
and journals was fading, however, and had 
not been renewed, and the company had been 
overtaken by newer, more assertive publishing 
houses. 

Maddox believed that, ifa newcomer 
had enthusiasm and a 

good brain, he or she 

could be handed real 
responsibility after a 
minimum of (invariably 
on-the-job) training. This 
attitude was very attractive 
to bright undergraduates 
and postgraduates, and 
such recruits flourished if 
they could meet his exacting 
standards. In this way, 
Maddox was responsible for 
an inflow of young and able 
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publishers and scientists into Macmillan. 

During the late 1960s and early 1970s, 
this policy dramatically enlivened an 
ageing organization and kick-started it 
into growth. It was not always possible for 
Maddox’s charm and Macmillan’s growth to 
accommodate the increasing ambitions of so 
much talent. Some staff members inevitably 
left after a few years, usually for great success 
elsewhere in publishing. But many stayed, 
and Macmillan was enriched and rejuvenated 
each year as a result. 

Maddox was also responsible for a range of 
new journals, such as Education and Training, 
Drugs and Society and Science Studies. 
Science never claimed him exclusively. He 
participated fully in other expansionist plans, 
most notably being involved in reference 
books for all manner of academic disciplines, 
most of them outside the sciences. His watch 
as managing director also saw the experiment 
of publishing additional biology and physics 
papers in two companion weekly journals, 
Nature New Biology and Nature Physical 
Sciences. This was an idea that was ahead 
of its time, at least commercially, and it was 
discontinued. But it was successfully revisited 
in the early 1990s, and when Maddox retired 
in 1995, three monthly research journals 
existed under the Nature banner (now there 
are many more). 

Even before his appointment as director 
of the Nuffield Foundation in 1975, Maddox 
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had been active in a wide range of 
public-service appointments, and in 1974 
had initiated the much-praised fortnightly 
programme Scientifically Speaking for what is 
now BBC Radio 3. Maddox's great ambition, 
however, was to make Nature more accessible 
and to reach more readers, and when he 
returned again as editor in 1980 he devoted 
his main energies to that end. His eye for 


raw ability remained: in large part through 
his encouragement of bright and committed 
staff, Nature prospered as never before. 

If his energy challenged and exhausted 
(and sometimes provoked) his younger 
colleagues, and if his motorway driving 
terrified the older ones, John Maddox’s 
enthusiasm proved contagious and he 
remained admired and forgiven in exactly 
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the right proportions until his retirement. He 
was intolerant of boredom and incapable of 
boring anyone else. A kind, very clever man, 
his friendship was treasured, and with pride, 
by many. 

Nicholas Byam Shaw 

Nicholas Byam Shaw joined Macmillan Publishers 
Ltd in 1964, and was managing director from 
1969 to 1990. 


Maddox by his successor 


It was early 1980 and the news was 
astonishing. John Maddox was coming 
back to be, for the second time, the editor 
of Nature. 

To appreciate just how astonishing 
this was, you have to know about certain 
negative-sounding facts that some would say 
shouldnt be part of a tribute. But Maddox 
saw journalism, and his editorship, as above 
all being about uncovering truths, however 
uncomfortable. 

At the time the news broke, the editor 
of Nature, David “Dai” Davies, had just 
decided to move on after seven years. Then 
ajunior editor in the physical sciences, I 
was as concerned as the rest of my editorial 
colleagues about who might take over. 

As part of a consultative procedure, we'd 
seen the names on the shortlist, and were 
underwhelmed. To judge by what happened 
next, Macmillan’s then managing director 
Nicholas Byam Shaw, whose own tribute to 
Maddox precedes this one, wasn't that keen 
on them either. 

Dai Davies had had the task of taking over 
Nature from Maddox in 1973. Maddox had 
made the journal very much his own fiefdom 
over a period of seven years, and had left, so 
rumour had it, under something of a cloud. 
Indeed, I was told on my own first arrival 
at Nature in 1979 that one of our principal 
agendas was to restore the journal's reputation 
following Maddox’s (as it was described) 
over-involvement, which had resulted in 
sometimes whimsical decision-making and 
delays in the handling of scientific papers. 

So, ayear or so later, you can imagine my 
surprise, and the consternation (leading 
to at least one departure) of more senior 
staff, when Byam Shaw, sweeping aside the 
shortlist and all consultation, announced that 
the new editor was to be John Maddox. I'd 
prefer not to speculate on what Dai Davies's 
feelings were, although I have no doubt that 
he handled the transition with decency and 
professionalism. 

So Maddox took over, and Nature 
proceeded to do what it had done for much of 
his previous editorship. It thrived. 

As I recall from my time as physical- 
sciences editor (I moved on to launch Physics 
World in 1988), Maddox did not involve 
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Retired and knighted, 1996. 


himself much in decisions over scientific 
papers. Nevertheless, as he described on his 
final retirement (see Nature 378, 521-523; 
1995), it was he, when he first became 
Nature’s editor in 1966, who had transformed 
the assessment of such manuscripts 

from a process based on word-of-mouth 
recommendations to a system based on peer 
review. By the time he took over again from 
Davies, that system was less dependent on the 
editor and far more dependent on specialist 
editors in close contact with their respective 
communities — as it still is. 

Despite his original establishment of the 
peer-review process at Nature, Maddox 
always had strong reservations about its 
conservatism. These were perhaps best 
reflected in his view that the Watson and 
Crick paper on the structure of DNA 
wouldn't pass muster under the current 
system. That paper was published as a result 
of recommendations by Lawrence Bragg, the 
head of Watson and Crick’s laboratory, and 
John Randall. (The idea of Nature publishing 
a paper on the recommendations of the head 
of the authors’ lab is nowadays, of course, 
sadly but appropriately laughable.) 

But, as Maddox’s redoubtable and 
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indispensable assistant Mary Sheehan 

knew only too well — as did some authors 
who appealed to him to reverse his staff’s 
decisions — committing himself to close 
involvement with even a few manuscripts was 
usually a recipe for aeons of delay. Indeed, 

I fully expect to be told that a pile of still- 
unanswered appeals has been discovered in 
the back of his car. On the other hand, he was 
also delighted occasionally to spot a really 
important paper and ensure its processing 
and publication at record-breaking speed. 

Although Maddox had learned to delegate 
the assessment of submitted papers, he 
worried that his staff were, like referees, too 
conservative, and also (especially in hot 
areas of biology), too intent on achieving 
high impact factors and not ready enough to 
recognize bold ideas. I suspect there isn’t an 
editor anywhere who doesn’t worry about 
missing great new ideas, and we all have ways 
of trying to address the issue. Maddox had the 
willingness and authority very occasionally 
to ignore or even abandon the peer-review 
system when he was convinced that it would 
do nothing but delay publication. He ignored 
it in publishing the cosmological ideas of 
Fred Hoyle and colleagues — Hoyle was 
just the sort of brilliantly unconventional 
scientist whom Maddox respected most — 
and abandoned it altogether in publishing the 
first, controversial hominid discoveries made 
by Richard Leakey at the Olduvai Gorge. 

But it was as a journalist that Maddox most 
made his mark as Nature’s editor, in both of his 
incarnations. The journal's significant increase 
in international circulation in the 1980s and 
1990s during his second stint reflected not 
only strong marketing but also the impact of 
his journalistic instincts at play. And I mean 
‘play; rather than work. Like every Editor of 
Nature (and many of their colleagues), he 
worked ridiculous hours, but knew that the 
secret of survival was, above all, simply to 
enjoy the work. One of his favourite stated 
reasons for embarking on a controversial 
course of action was that it would be ‘Fun’ — a 
Maddoxian term received by colleagues with 
an equal measure of glee and foreboding. 

Throughout his editorships, he was fecund 
in his writing, and brilliantly voracious in his 
scientific interests. Often more reliant on his 
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capacious memory than was advisable for 
accuracy, his errors of fact were a blemish in 
his writings, at least in later years. But for me 
and many other readers, such faults rarely 
seemed to undermine the stimulating quality 
at the heart of what he had to say. 

There were many controversies — some 
more resonant than others. One that has left 
little impact, but that much preoccupied him, 
sprang from a combination of his loathing of 
political correctness in environmental issues 
and his scientific instinct that people were 
exaggerating the dangers in global change. 
The latter instinct was at the heart of his 
attack on Rachel Carson's Silent Spring in his 
book The Doomsday Syndrome (McGraw- 
Hill, 1972). But it was the combination of 
science and guts, I think, that subsequently 
led him to campaign against the espousal 
by Carl Sagan and others of nuclear-winter 
scenarios, and against the consensus-forming 
principles of the Intergovernmental Panel on 
Climate Change. 

Several other controversies were, in my 
view, more interesting and certainly focused 
the minds of his editorial colleagues. I much 
regret that he never fulfilled his wish to write 
a book about three notorious debates in 
which he played an important part: AIDS 
and Peter Duesburg, ‘cold fusion, and Jacques 
Benveniste'’s claim that water can have 
‘memory. Although he no doubt relished the 
controversies as Fun, I am certain that he was 
intellectually fully committed in his pursuit 
of them. He truly believed that those casting 
doubt on links between HIV and AIDS were 
scientifically pernicious, and campaigned 
accordingly. He wanted to ensure the 
scientific integrity of claims and rebuttals of 
cold fusion, and took trouble to ensure that 
his decisions to reject one of the original 
claims and to publish one of the experimental 
rebuttals were well founded. 

And as for Benveniste, the episode will go 
down in the annals of scientific publishing as 
one extreme way to handle a report of what 
seems to be an absurd scientific result that 
comes from a well-respected laboratory and 
that the referees cannot fault: publish, and 
then send in an inquisitional team, including 
the conjuror James Randi, to investigate. 
Benveniste’s results could not be replicated. 
A good account of the affair can be found 
in Philip Ball's book H,O: A Biography of 

Water (Phoenix, 2000). (Phil was working at 
Nature at the time of the controversy.) People 
sometimes ask me whether I would have 
done such a thing. Hindsight is always 20-20, 
but perhaps I'd have brought in the conjuror 
before rather than after publication. 

Maddox was close to influential people 
just about everywhere, not least the British 
establishment — he was a networker par 
excellence, and made it his business to know 
at least cabinet ministers and preferably 
prime ministers. But he never seemed to fit 
comfortably within these charmed circles in 
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Britain until after he had retired — if then. 
This was probably right and proper — his 
opinionated leading articles usually ensured 
that he was unpopular with somebody 
important. Characteristically, sometime in 
the mid-1980s, he walked out of a meeting 
of the UK Medical Research Council to 
which he had been invited. He did so, by his 
own account, as soon as he realized that hed 
been summoned to defend 

his public criticisms of the 
body and its then head, James 
Gowans. 

Despite, or perhaps partly 
because of, such attitudes, but 
also no doubt as a tribute to 
his lifetime of achievement 
as a science journalist and 
editor, he was awarded a 
specially created honorary 
fellowship of the Royal 
Society and a knighthood, 
soon after his retirement. 

Asa result of his 
controversies, Maddox made 
enemies, but also attracted 
people who remember him 
fondly as an editor willing to 
champion unusual ideas before 
everyone else had seen their 
value. Ultimately, his complete 
editorial independence was 
backed by Nicholas Byam 
Shaw and by the Macmillan 
family, then Nature’s owners, 
who simply referred all 
complaints about him directly 
to him. 

Maddox also championed 
places. He instigated a series 
of regional supplements, 
and liked nothing more than 
to plunge into a place — 
historically, geographically, 
politically and scientifically 
— and recount its many aspects in 20 or 30 
pages of Maddoxian prose. 

Arrogance? Journalistic hubris? Maybe 
so, yet the results, especially when he was 
inspired by scientists’ resilience in the face 
of obstacles in, say, India or Russia, were 
often compelling. But at a cost. As one of my 
colleagues, production editor Charles Wenz, 
describes it, a supplement was ‘finished’ 
in Maddox’s mind when he knew what he 
wanted to say. The nuts and bolts of putting it 
together came later, usually after the deadline. 

It has been said of the archetypal Great 
Man (by Nietsche) that “he is colder, harder, 
less hesitating and without fear of opinion”. 
To me, whether Maddox was a Great 
Man or not, that seems a fair description. 
Nietsche also said that such a person “wears 

a mask: there is a solitude within him that 
is inaccessible to praise or blame.” Maddox 
was as capable as anyone of openly enjoying 
people’s company or, when necessary, of good 
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Nature covers for the 100- and 
125-year anniversary issues in 1969 
and 1994, Maddox was editor on 
both occasions. 


poker-like negotiation. He was someone for 
whom collegiality mattered, but for whom 
it was ultimately impersonal. He was a good 
judge of people, often supportive, never 

(as far as I know) betraying the interests of 
his staff whereas, in professional contexts, 
he could be ruthless and always retained a 
cool-headed detachment. These qualities, 
combined with his journalistic virtuosities, 
made him a controversial 
editor but also a great one. 

I’ve deliberately kept this 
account factual, by and 
large. Maddox appointed 
many talented people, 
some of whom still work 
for Nature and have good 
memories of him. He sacked 
some talented people too, 
who may have a more 
negative perspective than 
I do. But I’ve not tried to 
appraise him. I couldn't do 
it even if it were appropriate 

for me to try. In that 
impersonal sense that 
[have mentioned, I 
was influenced by his 
journalistic approach — 
he showed by example 
rather than tuition what 
could be done, while 
respecting his colleagues’ 
capacity for making 

their own judgements. 

In various ways, both in 
the publication and in the 
Nature offices, things have 
changed significantly since 

he left — whether for better 
or worse is for others to 
judge. But many of the basic 
standards and procedures 
that he established are still in 
operation. 

When, in 1980, I heard that John Maddox 
was returning to be Nature’s editor again, all 
I knew about him was his radio broadcasts 
on science, to which I and other young 
researchers I knew had listened avidly, and 
the rather questionable aura around his 
name when it was mentioned in the Nature 
office at that time. So I had a quiet word 
with Dai Davies, in full awareness of Dai’s 
rather delicate position, but also knowing 
his integrity, and asked him to tell me about 
John. Not being a close acquaintance of 
John’s himself, and no doubt conscious of 
sensitivities too, he didn’t tell me much. But 
he said one thing that seemed simplistic at the 
time but which I came to see as profoundly 
true about John, and which is as fitting an 
epitaph for Nature’s pages as anyone could 
wish: John loved science. | 
Philip Campbell 
Philip Campbell succeeded John Maddox as 
editor of Nature in 1995. 
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Mantle skewness and ridge segmentation 


Arising from: D. R. Toomey, D. Jousselin, R. A. Dunn, W. S. D. Wilcock & R. S. Detrick Nature 446, 409-414 (2007) 


Mantle upwelling is generally assumed to be symmetric. Toomey et 
al.' observe low seismic-wave velocity in off-axis mantle, and suggest 
that mantle upwelling is skewed, which has important implications 
for asthenospheric flow, ridge segmentation, crustal accretion, and 
volcanic, tectonic and hydrothermal vent activities along the ridge 
axis. However, we point out here that the mantle low-velocity zone 
(MLVZ) presented by Toomey et al.' is not constrained by their data. 
We conclude that inferences pertaining to ridge segmentation and 
mantle flow are not reliable. 

The estimation of seismic velocity in the mantle beneath the 
Mohorovicic discontinuity (Moho) will depend on turning ray 
depths, crustal thickness and Moho topography, which are variable** 
and are poorly constrained, particularly beneath the ridge axis 
(Fig. 1a). Toomey et al.’ show the MLVZ at 9 km below the sea floor 
(b.s.f.; Fig. 1a), but Fig. 1b shows that the maximum depth of turning 
rays is 8km b.s.f. As Toomey et al.' use ray theory for travel time 
tomography’*, there are no constraints at 9 km b.s.f. because rays are 
sensitive to anomalies along the ray path only. 

For velocity to be interpretable at 9 km b.s.f., the velocity has to be 
independent of depth down to this depth, which means that there 
would be no turning rays in the mantle and the claim of Toomey et al. 
that the velocity is constrained within 4 km of the Moho is not valid. 
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Figure 1| P-wave velocity and ray turning depth. a, P-wave velocity 
determined by Toomey et al.’ at 9 km b.s.f. (modified from their 
Supplementary Fig. 1). The crustal thickness is plotted as brown contours at 
0.5 km intervals’ from 6.5 to 8.0 km. Note the lack of crustal thickness 
information beneath the ridge axis. b, Histogram showing the ray turning 
depth below the sea floor (modified from Toomey et al.’). 


There are several factors that could introduce uncertainty in the 
crustal thickness estimation. Layer 2A thickness could vary signifi- 
cantly (300-750 m or 200-500 ms)°** at the source entry points along 
the outer profiles. As the ocean bottom seismometer spacing is 12-30 
km, layer 2A is poorly constrained, particularly in the upper 500m 
(Figs Al and B2 in Canales et al.’). In the absence of any precise 
knowledge of layer 2A thickness, we can assume that the uncertainty 
due to layer 2A is ~50 ms (ref. 7). Canales et al.” suggest that the 
uncertainty in the upper crustal (P,) arrival is 25 ms, which is reas- 
onable, whereas Toomey et al. use 10 ms. The Moho reflection (P,P) 
is generally a secondary arrival and is observed at offsets >30 km, and 
hence has a large uncertainty. Canales et al.* show in their Figs A4—A7 
that 60% of P,,P arrivals are of poor quality and difficult to pick. 
After a careful study, Seher’ suggested that the uncertainty in P,P 
arrivals should be ~40 ms; Toomey et al.’ use 15 ms. As there are no 
turning rays in the lower crust, there is a trade-off between Moho 
depth and lower crustal velocity estimation from P,,,P arrivals; this is 
confirmed by the synthetic tests of Canales et al.’, who also showed 
that such uncertainties could be up to 1 km. The velocity in the lower 
crust varies over 6.8-7.3 kms‘, which for 3-4-km-thick lower crust 
can introduce an uncertainty of 40-60 ms. As the uncertainties are 
uncorrelated and errors propagate with depth, the total uncertainty 
due to crust could be ~80 ms (ref. 7), the same as the average anom- 
aly for the mantle (P,,) arrivals at 40 km offsets (Fig. 2 in ref. 1). 

Previous studies suggest that the uncertainty in crustal thickness 
could be £0.5 km (refs 2, 3). Travel time anomaly (At) for P,, due to 

2Az V, 2 


crustal thickness variation (Az) can be written as At = vy 1— Fa 
1 2 


which for V, = 7kms_‘ (crustal velocity) and V; = 7.8 km s | (mantle 
velocity) would be +64 ms, which is >70% of the mean delay (Fig. 2c in 
ref. 1). It should be noted that At is independent of offset and will map 
into mantle velocity during the inversion. Full waveform inversion 
analyses*” suggest that only structure on the scale of one wavelength 
can be resolved from wide-angle reflection data, which for P,,,P arrival is 
~700 m, consistent with waveform modelling studies’®. 

Crustal structures at rays piercing the Moho are very important. 
Canales et al.’ show that >70% of possible piercing points are not 
constrained by their data (Fig. 9 in ref. 2), and therefore, crustal thick- 
ness estimation within +200 m by Toomey et al.' is not supported by 
data. If the uncertainty in the P,, travel time arrival is =40 ms (ref. 7), it 
would be difficult to determine the orientation of anisotropy within 
10° of the ridge axis from Fig. 2b in ref. 1, which is the size of their 
mantle skewness. 

Therefore, we conclude that the MLVZ shown at 9 km depth by 
Toomey eft al.' is an artefact of the travel time tomography, and so 
interpretations based on these results are not reliable’’. 
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Toomey et al. reply 


Replying to: S. S. Singh & K. C. Macdonald Nature 458, doi:10.1038/nature07887 (2009) 


We think that the Singh and Macdonald’ description of the experi- 
mental uncertainties in our data’ is a misrepresentation of what we 
have done, and that they are incorrect in stating that our results’ on 
the structure of the uppermost mantle in the subaxial region beneath 
the East Pacific Rise are unconstrained by data. 

Westate’ that the tomographically imaged mantle low-velocity zone 
(MLVZ) represents an average of structure over the upper several 
kilometres of the mantle. This is a consequence of the effects of wave- 
front healing**. Calculations show that: (1) for a sub-axial MLVZ with 
a vertical extent of 2 km (or less), the shortest time path is below the 


anomaly and the predicted delay time is five (or more) times smaller 
than the observed range of P,, anomalies (~350 ms); and (2) only for a 
MLVZ more than 3-4 km thick is the shortest time path through (not 
below) the MLVZ, and only in this case can the observed P,, anomalies 
be reproduced. Considering the effects of wavefront healing, the MLVZ 
must be several kilometres thick, and thus our results immediately 
beneath the Mohorovicic discontinuity (Moho) and at 9 km beneath 
the sea floor are the same (Fig. 1). 

The skew of mantle flow beneath the East Pacific Rise is best con- 
strained by the azimuth of seismic anisotropy, which is rotated ~ 10° 
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Figure 1| Location and geometry of the seismic experiment, tomographic 
images of the MLVZ, and orientation of mantle anisotropy. a, Experiment 
location and geometry. b, Tomographic image; depth of section is 9 km 
beneath the sea floor. c, Tomographic image; depth of section is 800 m 
beneath the Moho. The smoothing constraints applied to the tomographic 
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inversion require the mantle structure to be vertically invariant. The caption 
to Fig. 1b of ref. 2 should not indicate a specific depth, but rather state that 
the tomographic image represents the average structure of the upper few 
kilometres of the mantle. See ref. 2 for details of features on graphs. 
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from the spreading direction. Singh and Macdonald’ are concerned 
that anisotropy would be difficult to constrain given the uncertainty 
of a P, travel time. However, to determine the anisotropy we bin and 
average the P,, delays by azimuth, and thus each mean is obtained 
from a sample size of ~ 100. Even if we accept the estimate of Singh 
and Macdonald' for the uncertainty of a single P,, travel time 
(+40 ms), the uncertainty in the estimate of the mean decreases by 
~1/,/n (where n is the sample size), or to +4ms. The azimuth of 
anisotropy is extraordinarily well known, with a standard error of 
*+1° (see Fig. 2b in ref. 2). 

Singh and Macdonald' are right to be concerned about the effects of 
crustal structure on P,, travel times, but we consider their analysis to be 
flawed. First, uncertainties should not be compared to the mean delays 
of Fig. 2cin ref. 2, as the latter are defined relative to a reference velocity 
(7.8kms '). Mean delays relative to 8.2kms !' or 7.6kms ! would 
be larger or close to zero. Nevertheless, the variation of P,, anomalies 
about the means would be identical and we would obtain the same 
tomographic result irrespective of the reference model, as noted in the 
Supplementary Information of ref. 2. In short, what requires hetero- 
geneity is the range of delays (which is 350 ms), not the mean delay 
relative to an arbitrary reference. 

Second, layer 2a, the lower crust and the crustal thickness do not 
need to be resolved independently in order to image mantle structure. 
Instead, what must be known is the integrated time it takes for P, to 
traverse the crust. We use P, and P,P data from four rise-parallel lines 
to constrain off-axis crustal structure. Inversion of these data alone 
yields a root-mean-square misfit of 12 ms and 22 ms for P, and P,P, 
respectively; this level of misfit is common? *. These results provide an 
estimate of the standard deviation in the time it takes to traverse the 
crust (+22 ms). This estimate is only 6% of the range of P,, delays, so 
even in the presence of a substantially larger uncertainty, our results 
would be robust because of the magnitude of the signal (350 ms). We 
do agree that our data cannot resolve layer 2a, nor can they indepen- 
dently resolve crustal thickness and lower-crustal velocity, as dis- 
cussed in ref. 6. Nevertheless, the integrated time it takes to traverse 
the crust is well known, and thus we can correct P,, data for this effect. 

Crustal thickness variations beneath the axial high have a negligible 
effect on P, travel time because the wave propagates horizontally 
beneath the rise. Three-dimensional ray-tracing calculations show 
that if crust beneath the axial high thickens or thins by 1 km relative 
to our starting model — which we consider unlikely as our starting 
model is comparable to the results from a reflection experiment? — 
the effect on a P,, time is only 25 or 0 ms, respectively. 


BRIEF COMMUNICATIONS ARISING 


Finally, Macdonald et al.'° agree that our tomographic image reveals 
a pattern of uppermost mantle segmentation that matches the ~25 km 
segmentation of sea-floor volcanoes remarkably well, though we differ 
on the interpretation. By contrast, there is no evidence from either 
refraction or reflection data®’ that the crustal thickness or two-way 
travel time is segmented on this scale. It is thus difficult to see how 
crustal uncertainties could yield the model we obtain. And it seems 
equally unlikely that the inversion of noise would yield a result that 
agrees so well with sea-floor mapping. 
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Genome-wide analysis of Notch signalling 
in Drosophila by transgenic RNAI 


Jennifer L. Mummery-Widmer'*, Masakazu Yamazaki'*+, Thomas Stoeger’, Maria Novatchkova'”, 
Sheetal Bhalerao’”, Doris Chen®, Georg Dietzl’, Barry J. Dickson* & Juergen A. Knoblich’ 


Genome-wide RNA interference (RNAi) screens have identified near-complete sets of genes involved in cellular processes. 
However, this methodology has not yet been used to study complex developmental processes in a tissue-specific manner. 
Here we report the use of a library of Drosophila strains expressing inducible hairpin RNAi constructs to study the Notch 
signalling pathway during external sensory organ development. We assigned putative loss-of-function phenotypes to 21.2% 
of the protein-coding Drosophila genes. Using secondary assays, we identified 6 new genes involved in asymmetric cell 
division and 23 novel genes regulating the Notch signalling pathway. By integrating our phenotypic results with protein 
interaction data, we constructed a genome-wide, functionally validated interaction network governing Notch signalling and 
asymmetric cell division. We used clustering algorithms to identify nuclear import pathways and the COP9 signallosome as 
Notch regulators. Our results show that complex developmental processes can be analysed on a genome-wide level and 


provide a unique resource for functional annotation of the Drosophila genome. 


Genome-wide RNAi screens have been performed in cultured cells’* 
or by ubiquitous gene silencing in worms”® or planarians’. To study 
complicated developmental processes, however, genes need to be 
inactivated in a tissue-specific manner in intact animals. This has 
become possible through the creation of a transgenic RNAi library 
targeting 88% of the Drosophila’ protein-coding genes. To test the 
feasibility of this new approach, we focused on the Notch pathway, 
one of the most important regulators of development”. Notch is 
activated by binding to its ligands Delta or Serrate. After ligand bind- 
ing, Notch is cleaved by Presenilin and the intracellular domain acts in 
the nucleus as a transcriptional co-activator. Several important Notch 
regulators were identified due to their characteristic phenotypes in 
Drosophila external sensory organs'’'’. Adult external sensory organs 
are formed within the notum (dorsal thorax) during larval and pupal 
stages of Drosophila development (Fig. 1a). Within a group of epithelial 
cells called the proneural cluster, a single sensory organ precursor 
(SOP) is selected in a Notch-dependent process termed lateral inhibi- 
tion. The SOP cell divides into pIlIa and pIlb (Fig. 1a). While pIa forms 
the two outer cells (the hair and socket), pIIb gives rise to an apoptotic 
glial cell and then to the two inner cells (the neuron and sheath) of the 
organ. During each division, the protein determinants Numb and 
Neuralized segregate into one of the two daughter cells where Numb 
inhibits the Notch receptor while Neuralized activates the Notch ligand 
Delta'®’’. The resulting differences in Notch signalling establish 
unequal fates in the two daughter cells. Thus, Notch acts both in lateral 
inhibition and in asymmetric cell division (ACD) during external 
sensory organ development. Although the core components of the 
Notch pathway act in both processes, other components act specifically 
during lateral inhibition (E(spl)'*) or ACD (Numb”’, Sanpodo'’®"”). 


Genome-wide RNAi screen 


Hairpin constructs in the RNAi library are expressed under UAS/ 
GAL4 control'*. We tested scabrous-GAL4", pannier (pnr)-GAL4”” 


and fzIII-GAL4 (also known as MS248-GAL4 or P{GawB}MS248)”° 
using a set of 40 RNAi lines targeting 21 genes involved in external 
sensory organ development (Supplementary Table 1). Consistently, 
phenotypes were stronger and lethality lower with pnr-GAL4, and 
this line was selected for large-scale analysis. 

A total of 20,262 transgenic RNAi lines were screened; these are 
predicted to target 11,619 of the 14,139 protein-coding genes 
(82.2%) in release 5.7 of the Drosophila genome’. Ten flies each were 
analysed and phenotypic abnormalities were recorded in a database 
(http://bristlescreen.imba.oeaw.ac.at). Because pnr-GAL4 is only 
expressed in a central region of the notum (Fig. 1b), lateral areas 
were unaffected and served as internal controls. Phenotypes were 
described using controlled vocabulary (Fig. 1b, Supplementary 
Table 2). Phenotypic strength (P,) was expressed on a scale of 0 
(not affected) to 10 (completely affected) as the fraction of the pnr- 
GAL4 expression area (or the fraction of external sensory organs 
present in that area) that displayed the respective phenotype. 
External sensory organ phenotypes were classified into ‘gain’ 
(Peain) ‘loss’ (Pioss), empty or multiple sockets’ (Psockets), ‘hair cell 
duplication’ (Ppuptication) and “bristle morphology defects’ (Pgmorph): 
In addition, orientation defects were recorded as ‘planar polarity 
defects’ (Ppolarity): Morphological notum defects were classified into 
‘notum malformation death’ (Pyrpeath3 loss of tissue), ‘notum mal- 
formation migration’ (PyMigrations thorax closure defects), “overpro- 
liferation’ (Poverprolis NOtum enlargement) and ‘colour’ (Pcolour): 
GO term analysis showed that phenotype groups are significantly 
enriched for genes known to act in appropriate processes 
(Supplementary Table 3). The group of 211 genes for which 
Poverprolifis >0 contains tumour suppressors such as Pten and 5 of 
the 7 Hippo pathway members represented in the library. The group 
of 71 genes with Ppolarity of =4 contains four of the six core planar cell 
polarity (PCP) components, and four other PCP effectors. Visible 
phenotypes were scored for 19.6% of all RNAi lines (3,973 lines, 
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Figure 1| Phenotypic categories and screen results. a, Schematic view of 
external sensory organ morphology and lineage (Numb and Neuralized, 
light green). b, Typical examples of phenotypic categories. The pannier- 
GAL4 expression area is indicated (red) in the control panel. Examples are 
Delta (gain of bristles), O-fut1 (loss of bristles), numb (empty or multiple 
sockets), bazooka (hair cell duplication), CG31961 (bristle morphology 
defects), starry night (planar polarity defects), CG18095 (light colour), 
CG34331 (dark colour), CG5462 (notum malformation death), CG7904 
(notum malformation migration) and mob as tumor suppressor 
(overproliferation). Original magnification, 10 (except overproliferation, 
x5). ¢, Relative frequency of phenotypes in the entire primary genome-wide 
screen (left) and among visible phenotypes (right). 


3,004 genes). A total of 1,803 lines (8.9% ofall lines, 1,339 genes) were 
lethal whereas 496 lines (2.5% of all lines, 475 genes) were semi-lethal 
with no associated morphological defects. Sixty-nine per cent of lines 
(13,990 lines, 8,681 genes) gave no phenotype (Fig. 1c). Thus, our 
screen has assigned potential loss-of-function phenotypes to 21.2% 
(3,004 of 14,139) of the protein-coding genes in the Drosophila 
genome, more than half of which (1,597 genes, 2,067 lines) had not 
been characterized before. 


Quality control 


To determine false-negative rates, we assembled a list of genes 
required for Notch signalling and/or ACD based on Flybase and more 
recent published information. Forty-two of the 50 selected genes are 
represented in the RNAi library (Supplementary Table 4) and 24 gave 
the expected phenotype. Eight genes could not be analysed owing to 
early lethality (six genes) or strong notum malformations (cdc2 and 
brel). The resulting false-negative rate of 29.4% (10 of 34 genes) is in 
good agreement with previously reported data for transgenic RNAi®. 

Long double-stranded RNA hairpins are known to cause off-target 
effects’. Nonspecific phenotypes can also be generated by over- 
expression of genes near the transgene insertion site. We therefore 
generated a second hairpin construct or obtained a second RNAi line 
from the NIG-FLY stock centre for 73 genes (136 lines) that had 
resulted in visible phenotypes (Supplementary Table 5). Similar or 
identical phenotypes were observed for 63.0% of the genes (46 genes, 
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82 lines). Interestingly, however, we could confirm 88% (22 of 25 
genes) of those phenotypes that were supported by more than one 
line in the library, although most of these lines are independent 
insertions of the same transgene. We also selected 43 non-essential 
genes (72 lines) with known adult phenotypes (or the absence 
thereof; Supplementary Table 6). For 93% of these (40 genes, 
67 lines), our screen identified the correct phenotype. In three cases, 
the observed phenotypes were different from what has been 
described, but could be explained by the described cellular function 
(endocytosis for orange, Ras activity for Neurofibromin 1, and cAMP 
signalling for dunce) if RNAi causes phenotypes stronger than the 
described alleles. In any case, these data indicate that the false- 
positive rate of our screen is less than 7%. 


Phenotypic categories 


Notch acts twice during external sensory organ developmen 
During lateral inhibition, loss and gain of Notch signalling increases 
and decreases the number of external sensory organs, respectively. 
During ACD, increased Notch signalling causes hair duplications or 
multiple sockets, whereas decreased Notch signalling causes all daugh- 
ter cells to assume an internal fate and results in the apparent absence 
of external sensory organs. Thus, Notch regulators can be in the loss, 
gain, socket and duplication categories. We therefore used the 
phenotypes of genes known to be involved in Notch signalling and 
ACD (data not shown) to create compound categories that include all 
or most of these positive-control genes. The asymmetric cell division 
(ACD) category (Pross 27 or Ppuplication > 0 OF Psockets >0) is made up 
of 226 genes (262 lines) and includes bora, bazooka, Delta, musashi, 
Notch, numb, Presenilin, sanpodo, tramtrack and twins. The lateral 
inhibition category includes all genes for which Pos is =7. In addi- 
tion, we re-screened all images of genes where Pgain is >0 and retained 
only those where the extra external sensory organs are grouped 
together, indicating the formation of multiple SOP cells from one 
proneural cluster. The resulting lateral inhibition category contains 
233 genes (264 lines). Analysis of all genes in these categories revealed 
(Supplementary Table 3) that the GO terms ‘asymmetric cell division’ 
and ‘nervous system development’ are significantly enriched in the 
ACD category. The lateral inhibition category over-represents the GO 
terms ‘neurogenesis’, “Notch signalling pathway and ‘cell fate com- 
mitment’. We therefore used these categories in various secondary 
assays to identify genes acting globally in the Notch pathway or more 
specifically during ACD. 


23 


Identification of Notch regulators 


During wing development, Notch loss of function leads to wing notch- 
ing or broader wing veins**. To identify general Notch regulators, we 
expressed RNAi hairpins in the wing imaginal disc for 201 genes (226 
lines) in the ‘lateral inhibition’ category. We analysed ten flies each for 
wing vein and wing margin phenotypes (Fig. 2, Supplementary Fig. 1 
and Supplementary Table 7). All other wing abnormalities were also 
recorded and separated into phenotypic classes (Supplementary Fig. 2). 
In addition to seven known Notch pathway members (Notch, mind 
bomb 1, Delta, groucho, extra macrochaetae, Presenilin and 
O-fucosyltransferase 1 (O-futl)), this secondary analysis identified 
23 genes not previously implicated in Notch signalling. 

Notch signalling activates the transcription factor Suppressor of 
Hairless (Su(H)). The genes identified could participate in this signal 
transduction cascade, act in parallel to Su(H) or act as Su(H) targets. 
To distinguish these, we used a lacZ reporter for Su(H) activity” 
(Supplementary Table 7). In the developing wing disc, this reporter 
is expressed along the dorso—ventral compartment boundary (Fig. 2c). 
When we inactivated the potential Notch regulators along the 
anterior—posterior compartment boundary using patched (ptc)- 
GAL4, 8 genes (11 lines) caused a loss of B-galactosidase staining in 
the area where the boundaries overlap (Fig. 2d—k). Besides Notch 
itself and the known Notch regulators mind bomb 1 and O-fut1, this 
identified five genes that function upstream of Su(H)-mediated 
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Figure 2 | Secondary assays for general components of Notch signalling. 
Genes with a Notch-like phenotype on the notum were re-screened for wing 
morphology or expression ofa transcriptional Notch reporter. a—c, Schematics 
with GAL4 expression domains shown in red. d-k, Appropriate controls and 
new genes scoring positive in all assays are shown. Transformant IDs (TIDs) 
for each UAS-RNAi line are as follows: 1112 (Notch), 27526 (mib1), 45569 
(CG5608), 23675 (CG8021), 23748 (CG8136), 20105 (CG34345) and 17541 
(CG11286). Arrowheads mark loss of f-galactosidase staining. IR, inverted 
repeat. Original magnification, < 10 (nota, left column), 2.5 (wings, middle 
column) and X5 (wing discs, right column). 

transcriptional activation and have not previously been implicated in 
Notch signalling. 

Notch signalling is tightly connected to endocytic trafficking’. 
Interestingly, one of the newly identified Notch regulators (CG5608) 
is homologous to VAC14, a yeast gene that controls trafficking to 
multivesicular bodies*®. Vacl4 is an upstream activator of the 
PtdIns(3)P 5-kinase Fab1 (also known as PIKfyve)’*. Although the 
function of Drosophila CG5608 has not been analysed, Notch accumu- 
lates with Delta in intracellular vesicles in fabl mutant Drosophila 
cells”. Further analysis of the CG5608 RNAi phenotype might help 
to understand the connection between phosphoinositide synthesis and 
Notch signalling. This is particularly interesting because Vacl4 loss 
results in neurodegeneration in mice’, and multiple lines of evidence 
have connected the Notch pathway to neurodegeneration” before. 


Genes regulating asymmetric cell division 


Loss of external sensory organs can be caused either by increased Notch 
signalling during lateral inhibition or by reduced Notch signalling 
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during ACD” (Fig. 3a). To resolve this complication, we assayed the 
presence of SOP cells by expressing green fluorescent protein (GFP) 
from the phyllopod (phyl) promoter (Fig. 3b). phyl is expressed in the 
proneural cluster and then restricted to the SOP”. GFP was fused to the 
asymmetric localization domain of Partner of numb (Pon) so that the 
construct can also be used to analyse asymmetric protein segregation. 
We imaged at least 3 pupae each for 80 genes (91 lines) in the ACD 
category (Fig. 3b, Supplementary Fig. 3 and Supplementary Table 8). 
Thirty-three genes (33 lines) caused a complete loss of SOPs within the 
pnr expression domain whereas 6 genes (8 lines) caused a partial SOP 
loss. Eight genes (13 lines) increased SOP number, indicating that they 
are required for lateral inhibition. Importantly, 7 of these genes were 
tested with MS1096-GAL4 (also known as P{GawB}Bx™!), and 5 
caused Notch loss-of-function wing phenotypes (Supplementary 
Table 7), demonstrating that they are general regulators of Notch 
signalling. Finally, we identified 28 genes (31 lines) that may have a 
role in ACD because SOP cells were normal but no differentiated 
external sensory organs developed. 

To distinguish cell fate transformations from differentiation 
defects, we analysed 23 of these genes (26 lines) using cell-type-specific 
markers (Fig. 3c and Supplementary Table 9). Clear transformations 
of outer into inner cells were observed for six genes (six lines) whereas 
the others showed either normal lineages or abnormalities that can not 
be explained by cell fate transformations. Taken together with the 128 
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Figure 3 | Secondary assays for asymmetric cell division genes. a, Loss of 
bristle phenotypes can be caused by defects in SOP specification or survival, 
or by cell fate transformations. b, Decreases (CG31612) and increases (Notch, 
CG34345) in SOP cell number were observed. Schematics below each image 
show interpretations for the number of SOP cells (white with light green 
crescent) formed from proneural clusters (orange). ¢, Antibody lineage 
staining identified cell fate transformation phenotypes. All SOP daughter 
cells are marked by Cut, socket cells by Su(H), sheath cells by Prospero and 
neurons by Elav. TIDs are 27228 (Notch), 20105 (CG34345), 30545 
(CG31612), 3046 (caps) and 35338 (CG8094). Original magnification, X40. 


989 


Cut/Su(H)/Prospero 


Prospero/Elav 


©2009 Macmillan Publishers Limited. All rights reserved 


ARTICLES 


additional genes (146 lines) for which loss of function caused 
Prockets Of >0 OF Ppuplication Of >0, we have identified 134 regulators 
of ACD. 

One of these is capricious (caps), a transmembrane protein impli- 
cated in cell-cell interactions during compartment boundary forma- 
tion’ and neuronal targeting’’. On caps RNAi, SOP cells generate two 
pllb cells, a phenotype typically observed for genes involved in Notch 
activation (Fig. 3c). Indeed, caps‘!* mutant clones show phenotypes 
indicating a loss of Notch signalling (Supplementary Fig. 4), suggesting 
that Caps might be involved in generating cell adhesion between signal- 
sending and -receiving cells during Notch/Delta signalling. 


A genome-wide network for Notch signalling 


Genes or proteins in a signalling pathway often interact genetically or 
physically. Several attempts have been made to map such interactions 
on a genome-wide level****, but these lack functional validation. To 
create a functionally validated map for Notch signalling, we first 
combined all genes in the ‘lateral inhibition’ or ‘asymmetric cell 
division’ categories and added genes previously implicated in 
Notch signalling that had not scored as positive in our screen. For 
each gene we searched for yeast two-hybrid, biochemical, genetic and 
other interaction data from various databases (see Methods). We 
only maintained interactions with partners also contained in our 
candidate set and removed all genes without interaction partners. 
The resulting gene network (http://bristlescreen.imba.oeaw.ac.at) 
includes 780 interactions between 177 genes, only 42 of which were 
previously known to act in Notch signalling during external sensory 
organ development (Fig. 4 and Supplementary Fig. 5). 

To identify putative complexes, we used the Molecular Complex 
Detection (MCODE) and found nine clusters of highly interconnected 
nodes (Fig. 4). In protein-protein interaction networks, such clusters 
represent protein complexes and/or genetic pathways. Complex one is 
centred on Notch and Delta. It includes Notch-modifying enzymes, 
such as O-fucosyltransferase, and proteins in the Notch signalling 
pathway, such as the Presenilin complex and the nuclear protein 
Hairless. It also includes the guanine nucleotide exchange factor pro- 
tein Trio, which has been shown to interact with Notch*’ but had not 
been functionally implicated in Notch signalling before. A second 
complex includes the known ACD regulators G-ow47A, Rapsynoid 
(also known as Pins) and Bazooka. Thus, network analysis of genetic 
data can successfully predict pathways that mediate even complex 
multicellular processes. 


1 Notch pathway complex 


os 8 Asymmetric cell 
Raps~G-o0047A) division complex 


Figure 4 | An interaction network for Notch signalling. ‘Lateral inhibition’ 
and ‘asymmetric cell division’ category genes with interactions are displayed 
as a network map. Genes are shown as nodes (node shape/colour denotes 
phenotype: gain, red circle; loss, green circle; both gain and loss, yellow 
circle; socket or hair duplication, blue triangle; completely lethal, black 
diamond; control genes with no phenotype in gain, loss, socket or 
duplication categories, white circle; positive control genes, bold outline), and 
relationships between nodes as edges (edge colour denotes interaction type: 
genetic, blue; interolog, green; yeast two-hybrid, orange; other, grey). 
MCODE-identified complexes are outlined in grey and rank is indicated. 
Enlargements of positive control complexes for the Notch pathway and 
asymmetric cell division are shown. 
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To validate the predictive capacity of our network, we tested com- 
plexes in which most members were not known to regulate Notch 
signalling before. Complex nine contains the importin « protein 
Karyopherin «3 (Kap-«3) as well as the importin « export receptor 
Cas (Fig. 5a). Cas mutants were previously shown to cause ACD 
defects**. In Kap-x3 mutant clones (Fig. 5b, c), we observed strongly 
penetrant cell fate transformations similar to Cas. Neighbouring genes 
to complex nine include the nuclear pore components Nup358 and 
Nup50 (CG2158) (Fig. 5a). In all cases, RNAi causes cell fate transfor- 
mations characteristic of increased Notch activity suggesting that 
nuclear import of an inhibitory component is rate limiting for the 
Notch pathway. Such a component has been postulated before** and 
the identification of the critical importin-« might facilitate its bio- 
chemical identification. Because the Kap-«~3—Cas complex also con- 
tains nuclear Lamin (Fig. 5a), our data might provide explanations for 
certain aspects of laminopathies. Interestingly, deregulated Notch 
signalling has previously been suggested to be crucially involved in 
certain laminopathies based on their stem cell phenotype”. 

The predicted complex five (Fig. 5d) contains subunits of the COP9 
signallosome (CSN). RNAi of six of the seven CSN subunits screened 
resulted in occasional generation of two plla cells (1 = Ppuptication = 3), 
consistent with an inhibitory function in the Notch pathway (Fig. 5e, f 
and Supplementary Fig. 6). The phenotypes are also observed in 
mitotic clones mutant for CSN4 or CSN5 (Fig. 5g, h). CSN is an 
isopeptidase that removes Nedd8 conjugates from Cullin-RING class 
E3 ubiquitin ligases and prevents their degradation’. Indeed, defects in 


Nup358 


Figure 5 | Nuclear import and the COP9 signallosome regulate Notch 
signalling and asymmetric cell division. a, MCODE complex nine contains 
Cas, Kap-«3 and Lam (grey outline). Selected neighbouring nodes from the 
main interaction network have been included. b, ¢, Both Kap-~3 RNAi and 
Kap-«3 mutant clones show multiple socket phenotypes. d, MCODE 
complex five shows nodes for the COP9 signallosome. e—h, Knockdown of 
CSN7 (e, close up in f) and both CSN4 (g) and CSN5 (h) mutant clones cause 
hair cell duplication phenotypes. Original magnification, X10 (b, ¢, e) and 
X20 (g, h). 
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lateral inhibition are also observed in Cullin-3 (gft) mutants*' suggest- 
ing that Cullin-3 might be the relevant CSN target during Notch sig- 
nalling. 


Conclusions 


Our data show that genome-wide loss-of-function analysis by RNAi 
can be used to study complex developmental processes. From a com- 
prehensive phenotypic database we extracted genes involved in Notch 
signalling by secondary screening or integration with other types of 
genome-wide analysis. Vacl4 may regulate PtdIns(3,5)P, synthesis 
and trafficking of Notch or its ligand Delta into multivesicular bodies. 
Kap-«3 is a cargo for Cas and might control the nuclear import of a 
rate limiting inhibitory signalling component. Finally, the COP9 
signallosome regulates Cullin-1 (lin19) and Cullin-3 (ref. 42), which 
in turn could regulate ubiquitylation of Notch or essential Notch 
pathway members. We describe an additional 23 uncharacterized 
genes and 5 putative protein complexes for which the mechanistic 
connection to Notch signalling is less clear. Most of those act down- 
stream or in parallel to Su(H). So far, only a few functionally important 
nuclear targets of Notch have been identified. Our analysis could con- 
siderably expand the list of nuclear Notch targets and provide insight 
into how Notch regulates the various cell fate and morphology deci- 
sions in which it has been implicated. 

In addition, we report a wide range of morphological phenotypes 
that can be used to derive groups of genes potentially involved in 
planar polarity, proliferation control, cell migration and apoptosis. 
The possibility to perform secondary screens on those groups illus- 
trates the enormous power of transgenic RNAi now available to study 
development on a genome-wide level. 


METHODS SUMMARY 


For genome-wide and second RNAi line screening, crosses between UAS-hairpin 
RNAi males and pnr-GAL4 females were raised at 22°C and shifted to 29°C 
during larval stages. Ten flies were examined visually and all morphological 
abnormalities were recorded. Phenotypic classes are defined in Methods. 

For secondary assays of wing morphology or Notch reporter activity, MS1096- 
GAL4 or ptc-GAL4;Gbe+ Su(H)-lacZ were used, respectively (both at 25°C). 
Lineage analysis was essentially as described’? using pnr-GAL4 at 29 °C. For live 
imaging’, at least three UAS-RNAi;pnr-GAL4,phyllopod >>EGFP::Pon.LD 
pupae were imaged at 14h APF (aged at 29°C) on a Zeiss LSM510 confocal 
microscope. phyllopod >>EGFP::Pon.LD was generated by fusing enhanced GFP 
(EGFP) to the amino terminus of the Pon localization domain and placing it 
downstream of a 3.4kb phyllopod promoter fragment*. Mutant clones were 
generated using the Ubx-FLP/FRT system with (Kap-«3?%, CSN4™" and 
CSN5"" clones) or without ( caps clones) a cell lethal on the non-mutant 
chromosome arm". 

The Notch interaction network was generated by combining interaction data 
from the DroID, STRING“ and BioGRID* databases. Interactions were only 
maintained if both interactors were contained in the ‘lateral inhibition’ or ‘asym- 
metric cell division’ categories or a list of previously characterized Notch reg- 
ulators. The resulting network was drawn using Cytoscape**. The MCODE” 
algorithm was used to identify sub-network complexes. 

A list of fly stocks and antibodies used as well as further methodological details 
are in the Supplementary Information. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Fly strains and constructs. The following fly strains were used: pnr-GAL4 
(MD237; Bloomington Drosophila Stock Center (BDSC)); sca-GAL4 (G537.4)'%; 
felll-GAL4 (MS248)?"*; _MS1096-GAL4 (BDSC); ptc-GAL4 (G559.1)"*; 
Gbe+ Su(H)-lacZ* (a gift from T. Klein); FRT82B,Kap-03”” (a gift from R. J. 
Fleming); CSN4"“" and FRT82B,CSN5"™" (gifts from G. S. Suh); FRT2A, caps!" (a 
gift from A. Nose); and pnr-GAL4,phyllopod>>EGFP::Pon.LD. All RNAi lines 
came from the Vienna Drosophila RNAi Center (VDRC) library and their details 
are published®, except second RNAi lines, which were custom made (see below) or 
supplied by the National Institute of Genetics Fly Stock Center (NIG-FLY). VDRC 
UAS-driven inverted repeat (UAS-IR) construct target prediction mapping to 
release 5.7 of the Drosophila genome (Flybase release FB2008_04) was carried 
out essentially as described®, except that all genes targeted by =80% of 19-base 
polymers were considered as on-target genes. For this reason, one construct may 
have more than one target. When no target was identified by automated mapping 
efforts, constructs were annotated manually and identified as ‘manual mapping’ 
(Supplementary Table 2 and http://bristlescreen.imba.oeaw.ac.at). Only protein- 
coding gene targets were considered when calculating phenotypic rates. Previously 
uncharacterized genes are those identified only with CG numbers in genome 
release 5.7. Flies were raised on standard media at 25 °C unless otherwise stated. 
Note that the numbers of lines re-tested in each secondary assay do not always 
match those identified in the primary screen because certain lines have been 
replaced after the completion of the RNAi library. To generate 
phyllopod >> EGFP::Pon.LD flies, using standard cloning techniques, the nuclear 
GFP and polyA cassette from pStinger-phyl’*-GFP (a gift from C.-T. Chien®’) was 
removed, an SV40 polyA cassette (PCR amplified from the pUAST vector) was 
added, and the vector was converted to an attR-site-containing Gateway 
Destination vector (pStinger-phyl’*-Gateway) where the first 14 amino acids plus 
gateway linkers are fused in frame to the coding sequence of interest after an LR 
clonase (Invitrogen) reaction to generate an expression clone. EGFP::Pon.LD” was 
then PCR amplified with primers that add Gateway 5’ and 3’ attB recombination 
sites and three 3’ in-frame STOP codons from the template pBS-TATA- 
EGFP::Pon.LD-SV40 (gift from F. Wirtz-Peitz), and inserted into pDONR221 
(Invitrogen) using a BP Clonase (Invitrogen) recombination reaction. An LR 
Clonase (Invitrogen) reaction was used to insert EGFP::Pon.LD from the entry 
clone into pStinger-phyl**-Gateway. The final vector was confirmed by sequen- 
cing before injection into w''’* embryos for the production of transgenic flies. 
Second RNAi lines. We generated or obtained from the NIG-FLY stock centre 
second UAS-IR fly lines for 73 genes that showed a phenotype in the primary 
bristle screen. The second line collection of transgenic fly stocks were indepen- 
dently created and designed in such a way that there was a maximum of 70% 
overlap between the primary construct in the original library and the new IR 
sequence. Most IR sequences overlap the original construct by less than 50%. 
Primer pairs for second custom hairpin constructs were designed as previously 
published®, with the following additional constraints/exceptions. Two hundred 
primer pairs were designed for each target using Primer3 (ref. 50). Only those 
that were predicted to have a single primary target, an s19 score =0.9 and a 
maximum CAN count of five were chosen. Restriction sites of the preferred 
enzymes EcoRI and Xbal were avoided; in rare cases BglII was used as an alterna- 
tive. Genomic DNA as template was preferred over cDNA. In case of no suitable 
primers, PCR conditions submitted to Primer3 were loosened to a product size 
range of 120 to 600 bp, melting temperature of 62 to 72 °C and higher maximum 
allowed self complementarity. Detailed primer information is provided in 
Supplementary Table 10. The UAS-IR constructs were cloned using published 
methods* into a custom designed vector, pKC26, and then inserted into a second 
chromosome site (43.4) using a customized $31 system”’. 

RNAi bristle screen. The pre-screen was carried out using 40 UAS-IR lines® 
targeting 21 genes known to be involved in asymmetric cell division and the 
Notch pathway using pnr-GAL4, sca-GAL4 and fzIIJ-GAL4 at 18, 25 and 29 °C. 
The GAL4/UAS system is temperature-dependent, and higher temperatures 
result in stronger expression but also increase the chances of lethality. 
Phenotypic assessment was basically the same as that in the genome-wide 
RNAi bristle screen (see below). 

The genome-wide screen was carried out using a collection of transgenic fly 
lines carrying UAS-IR constructs*. To drive expression of IRs for each gene on 
the notum, males from each UAS-IR fly line were crossed with pnr-GAL4 virgin 
females. Virgin females were obtained in large numbers using a ‘virginizer’ line 
where the pnr-GAL4 stock also contained an hs-hid transgene (originally from 
R. Lehmann) on the Y chromosome (w!!!8/Y, hs-hid;pnr-GAL4/TM3,Sb). Stocks 
were maintained at 22°C. Once third instar larvae were observed in the stock 
bottles, the parents were discarded and the bottles heat-shocked at 37 °C in a 
water bath for one hour on two consecutive days to kill progeny carrying the hs- 
hid chromosome (males). A similar strategy was used to obtain appropriate 
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GAL4 virgin females for other assays in this study. Mating to UAS-IR males 
and egg laying were carried out at 22°C for two days, then the crosses were 
shifted to 29 °C to enhance the expression and activity of GAL4. About 14 days 
after mating, 10 males (or females if not enough males of the correct genotype 
were available, and in the case of X chromosome UAS-IR insertion lines) were 
screened for phenotypes on the notum. The number of flies screened for each line 
was sometimes less than 10 when there was associated lethality. We judged each 
phenotype under a normal stereo microscope (Stemi 2000, Zeiss) equipped with 
a digital camera (PowerShot G6, Canon), and if there was any phenotype took 
several representative pictures for each transgenic line. Each phenotype was 
scored in a semiquantitative manner based on the affected area within the 
pnr-GAL4 expression zone, ranging from 0 to 10 (0 means no phenotype; 
10 means 90 to 100% of the area was affected by the given phenotype). Areas 
of the notum where pnr-GAL4 was not expressed served as internal controls for 
each fly. Phenotypic classes are defined as: ‘gain’ for any number of extra external 
sensory organs, ‘loss’ for missing external sensory organs, ‘empty or multiple 
sockets’ for external sensory organs consisting of one or more sockets but no 
hair, ‘hair cell duplication’ for duplication of hairs, with or without concomitant 
duplication of the socket, ‘bristle morphology defects’ for other morphological 
abnormalities of the external sensory-organ hair, ‘planar polarity defects’ for 
deviations from the posterior orientation of external sensory organs, ‘notum 
malformation death’ for loss or reduction of the pnr-GAL4-expressing region, 
‘notum malformation migration’ for thorax closure defects where the two hemi- 
nota remain separated, ‘overproliferation’ for enlargement of the pnr-GAL4- 
expression area and ‘colour’ for any colour difference between the central, 
pnr-GAL4-expression area and lateral regions. Phenotypes that do not fall into 
any of these categories were recorded as ‘other’. Adult fly cuticles were prepared 
using standard methods and mounted in Hoyer’s media. Cuticle preparation 
images were processed from multiple image stacks using Helicon Focus software 
(Helicon Soft). All phenotypic information, including stereo microscope and 
cuticle preparation images, was stored in a custom database. An online database 
with all results from the primary screen, including images for each phenotype, is 
available at http://bristlescreen.imba.oeaw.ac.at. 

Wing RNAiscreen and Su(H) reporter assay. Males for 226 UAS-IR lines with a 
‘lateral inhibition’ external sensory organ phenotype were crossed with MS1096- 
GAL4 virgin females. At least ten wings from ten different adult flies (preferably 
male, but also female when necessary) were checked under a normal stereo 
microscope (Stemi 2000, Zeiss). If any phenotype or abnormality was found, 
the wings were dissected and mounted on a slide, and were observed under a 
histology microscope to investigate detailed phenotypes. Definitions for pheno- 
types recorded in the MS1096-GAL4 secondary screen are as follows: notched 
margin (invagination of the wing margin, excluding invaginations near ectopic 
vein material), wider vein (wider delta-like-vein phenotypes, considered weak if 
only wider near the wing margin), bent up (wings bent dorsally), bent up or 
lethal (wings bent dorsally or lethal (could not distinguish between CyO and 
non-CyO flies in the same vial)), bent down (wings bent ventrally), wrinkled 
(general wrinkled structure/appearance), furrow (wrinkled proximal-distal ‘fur- 
rows’ but not generally wrinkled), wrinkled margin (wrinkled wing margins, but 
not generally wrinkled), blistered wings (bubbles between the epithelial layers), 
necrotic (brown patches of necrotic-looking tissue), tufts of trichomes (multiple 
wing hairs arranged in clusters), supernumary trichomes (general increase in 
density of trichomes), ectopic bristles (ectopic structures on the wing blade 
resembling wing margin bristles), and size (grossly smaller or larger than control 
wings (subjective, not quantified) ). For the lacZ reporter assay, males from UAS- 
IR lines that showed wing notching or delta-like vein phenotypes in the wing 
RNAi screen were crossed with ptc-GAL4; Gbe+Su(H)-lacZ/TM6b virgin 
females. Wing discs from at least five third instar (non balancer) larvae were 
dissected and stained with 5-bromo-4-chloro-3-indolyl-f-b-galactoside (X-gal) 
solution using standard protocols and imaged by light microscopy. 
Antibodies. The antibodies used in this study are as follows: mouse anti-cut 
(2B10, 1:500, DSHB), rat anti-Su(H) (1:100, made after ref. 52), mouse anti- 
Prospero (MRIA, 1:10, DSHB), rabbit anti-Prospero (1:1,000; ref. 53), mouse 
anti-Elav (9F8A9, 1:30, DSHB) and rat anti-Elav (7E8A10, 1:100, DSHB). 

GO term enrichment. Genes with different single or combinations of pheno- 
types in the primary screen were grouped together and checked for significant 
enrichment of associated GO terms. Data were analysed using GOstat 
(T. Beissbarth, http://gostat.wehi.edu.au/cgi-bin/goStat.pl), searching against 
the Flybase database of GO and corrected for multiple testing using the False 
Discovery Rate (Benjamini correct method). 

Orthology prediction. All orthology predictions for candidate genes were made 
using InParanoid (http://inparanoid.sbc.su.se/cgi-bin/index.cgi)™*. 

Interaction map. Publicly available interaction data were integrated to obtain a 
unified and more complete Drosophila interactome network with which to work. 
The data resources used were DroID (www.droidb.org) (version 2 and version 
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3), STRING (version 7.0 and version 7.1) and BioGRID*® (version 2.0.40). The 
inclusion of redundant information from different data sets was avoided by 
using the PubMed identifying number, where available, as a unique tag to 
describe the interaction between two entities. Genetic and interolog links were 
only imported from one data source per entity pair. STRING text mining data 
were only included if there was at least one other evidence type to support the 
suggested interaction. Finally, interactions were included into further consid- 
eration only if both interactors belonged to the set of ‘lateral inhibition’ or 
‘asymmetric cell fate’ or were contained in a list of previously characterized 
Notch regulators. The resulting network was drawn using Cytoscape*® (http:// 
www.cytoscape.org). Socket and duplication phenotypes are dominant over loss 
and gain phenotypes for determining node shape. The MCODE” algorithm was 
used to identify subnetwork complexes using default parameters (loops excluded, 
haircut selected, fluff not selected, K-Core value 2 and maximum depth 100), 
except for ‘node score cutoff, which was changed to 0.5. Detailed files for import 
into Cytoscape are available (http://bristlescreen.imba.oeaw.ac.at). 
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Solar wind as the origin of rapid reddening of 


asteroid surfaces 


P. Vernazza’, R. P. Binzel’, A. Rossi°, M. Fulchignoni* & M. Birlan? 


A comparison of the laboratory reflectance spectra of meteorites 
with observations of asteroids revealed that the latter are much 
‘redder’, with the spectral difference explained by ‘space weather- 
ing’’”, though the actual processes and timescales involved have 
remained controversial**. A recent study’ of young asteroid 
families concluded that they suffered only minimal space weather- 
ing. Here we report additional observations of those families, reveal- 
ing that space weathering must be a very rapid process—the final 
colour of a silicate-rich asteroid is acquired shortly after its ‘birth’ 
(within 10° years of undergoing a catastrophic collision). This rapid 
timescale favours solar wind implantation as the main mechanism 
of space weathering, as laboratory experiments have shown that it 
is the most rapid of several competing processes. We further 
demonstrate the necessity to take account of composition when 
evaluating weathering effectiveness, as both laboratory and asteroid 
data show an apparent dependence of weathering on olivine abund- 
ance. The rapid colour change that we find implies that colour trends 
seen among asteroids are most probably due to compositional or 
surface-particle-size properties, rather than to different relative 
ages. Apparently fresh surfaces most frequently seen among small 
near-Earth asteroids may be the result of tidal shaking that rejuven- 
ates their surfaces during planetary encounters®”. 

The opportunity to measure the surface properties of asteroids 
formed in the past 1 Myr has only recently been realized, with the 
identification’ of four asteroid families that were formed by collisions 
occurring in the past 1 Myr. They are the most recent asteroid break- 
ups yet discovered in the main belt. Astronomical observations of their 
family members can be used to better understand surface-ageing 
processes and determine their surface alteration rate. These so-called 
space weathering processes redden and darken the initially ordinary- 
chondrite-like (Q-type’) spectrum of a fresh asteroid surface, 
transforming its appearance to that of an S-type asteroid spec- 
trum?!°'!, In situ measurements on board the NEAR and Hayabusa 
spacecrafts have provided direct evidence for such weathering’. 
However, the identification of the main weathering agent, as well as 
the weathering rate, remains to be accomplished. Laboratory experi- 
ments performed on ordinary chondrites and their main constituents 
(olivine, orthopyroxene) simulating two different processes, solar 
wind implantation and micrometeorite bombardment, suggest two 
very different timescales: a short weathering timescale of 10*-10° years 
for solar wind irradiation!*!* and a 10°10” year timescale for micro- 
meteorite impacts!*. The 10°-year age of the youngest known families 
provides a direct test to distinguish between these two processes and 
their very different timescales. 

To explore the colours and the mineralogical composition of 
presumably very young surfaces of small asteroids within the most 
recently formed families, we used four telescopes, namely the NTT 


(New Technology Telescope; La Silla Observatory, Chile), the VLT 
(Very Large Telescope; Paranal Observatory, Chile), the TNG 
(Telescopio Nazionale Galileo; La Palma, Spain) and the IRTF 
(Infrared Telescope Facility; Mauna Kea, Hawaii). We obtained data 
for two families (Datura and Lucascavin cluster), which are both 
S-type’. As a comparison to completely ‘fresh’ surfaces, we use 
laboratory spectra of similar silicate-rich ordinary chondrite mete- 
orites catalogued in the RELAB database (http://www.planetary. 
brown.edu/relab/). For ‘old surfaces’ we use similarly measured spec- 
tral properties of seven older S-type families. For older families, the 
visible wavelength portion of their spectra and some near-infrared 
spectra were available from previously published studies'””°, while 
the remaining near-infrared portions were acquired with the IRTF. 
Space weathering processes primarily affect the spectral slope of 
silicate-rich asteroids*'. Thus for comparison, we calculate spectral 
slopes over the 0.52—0.92 [1m wavelength range as the slope of a best- 
fit line, forced to have the value of unity at 0.55 tum. In Fig. 1 we show 
the mean slope of each family (with its 1o deviation) versus the age of 
the family. We find that the two youngest families (Datura and 
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Figure 1| The relationship between the spectral slope (visible 
wavelengths) of S-type asteroid families and their ages, as observed. We 
show the mean slopes for both ordinary chondrite (OC) meteorites and 
S-type asteroid families. Laboratory spectra for OC meteorites form the 
baseline assumption for fresh (t = 0 yr) ‘unweathered’ asteroid surfaces””. 
We place the slope domain for OC meteorites at t = 4.6 X 10* yr because we 
want to zoom into the 10*-10° yr window and therefore we can not show 

t = Oyr. The slopes and names for the old families lie very close to each other. 
We therefore use colours to guide the eye of the reader. Error bars, lo. 
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Lucascavin, age ~ 10° years) have higher average slopes than the Agnia 
family (age ~10° years), while the very young Lucascavin cluster 
(5.5 X 10° years) appears to be even redder than the oldest family from 
our sample (Koronis family, age ~2 X 10° years). Our results showing 
weathered surfaces for even the ‘youngest’ asteroids have two new 
implications: (1) space weathering processes are extremely rapid, 
occurring within 10° years; (2) space weathering processes are so 
rapid, that as yet, a colour—age relationship cannot be determined**. 
Among the two competing space weathering processes (solar wind 
ion irradiation or micrometeorite bombardment), such rapid altera- 
tion is consistent only with solar wind bombardment, whose weath- 
ering timescale!*!> (10*-10° years) matches well the youngest ages 
known for the Datura and Lucascavin clusters. While Datura’s and 
Lucascavin’s red spectral slopes can be accounted for by a fast acting 
solar wind effect, it is puzzling how both of these young families 
could display spectral slopes as red as (or more red than) significantly 
older families. Composition may play a central role. Laboratory 
experiments have shown that olivine is more sensitive to space weath- 
ering effects than orthopyroxene**”? (this is true for both ion irra- 
diation and micrometeorite bombardment, see Supplementary 
Information). To test this olivine dependence of weathering for real 
asteroid spectra, we chose a sample of 30 S- and A-type main-belt 
asteroids. A-types are almost exclusively made of olivine and S-types 
are composed of a mixture of both olivine and pyroxene”. In our 
sample, we excluded (1) asteroids belonging to well-known families 
to avoid a bias due to their age, and (2) near-Earth asteroids (NEAs) 
because many of the latter objects look very fresh, which contrasts with 
the colour distribution observed within the main belt. Specific explana- 
tions (size, planetary encounters) may exist for this discrepancy®””’. 
To infer the olivine-pyroxene composition of S-type asteroids, we 
applied a radiative transfer model” using three end-member minerals, 
namely olivine, orthopyroxene and clinopyroxene, and selected the 
inferred abundances for the two main minerals. The composition was 
measured quantitatively by the ratio ol/(ol+opx), where ol is olivine 
and opx is orthopyroxene. To account for spectral reddening (if 
present) due to space weathering processes, we used a space weath- 
ering model’’. We show the distribution of spectral slopes versus 
compositions for our main-belt sample in Fig. 2. A high spectral slope 
for the most olivine-rich asteroids has long been recognized”*. Here we 
see that the trend for increasing spectral slopes with increasing olivine 
abundance is followed for intermediate olivine abundances. For 
S-type asteroids, we observe a linear relation between slope and 
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Figure 2 | The relationship between the slope of S- and A-type asteroids 
and their composition. For S-type asteroids (that is, ol/ 

(ol+opx) = 45-80%), we observe a linear relation between the slope and 
composition with a correlation coefficient of r~ 0.62 (N = 25), a 99.8% 
confidence level that this correlation is not random. Adding the A-types (5 
objects; ol/(ol+opx) = 100%) further increases the correlation coefficient to 
0.89. The A-type asteroids require a correction that increases their slope by 
0.3 (see Supplementary Information). 
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composition with a correlation coefficient of ~0.62 (with N= 25), 
a 99.8% confidence level that this correlation is not random. 
(Including the A-types further increases the correlation coefficient 
to 0.89.) Using the slope over the full visible—near-infrared range 
(0.45—2.45 ttm) for our S-type sample (N= 25) further increases the 
correlation coefficient to ~0.75, a 99.95% confidence level that this 
correlation is not random. This correlation demonstrates that com- 
position is a key factor when evaluating the overall effectiveness of the 
space weathering process, as composition can vary the outcome of a 
space weathered slope value by almost a factor of 2. 

To test whether composition plays a role in the slope distribution 
shown in Fig. 1, we examine the composition of the low slope (‘less 
red’) families (Agnia, Merxia, Koronis and Karin) relative to the 
composition of the high slope (‘red’) families (Datura considering 
its young age, Flora and Eunomia). We find that the ‘less red’ families 
are less olivine-rich (ol/(ol+opx) = 0.6) than the ‘red’ families (ol/ 
(ol+opx) = 0.78). Thus a more accurate comparison between 
weathered spectral slope and surface age requires a correction for 
composition. To perform this correction, we chose the composition 
of the Flora family (ol/(ol+opx) = 0.78) as a reference composition. 
To estimate the slope deficit or excess for each family versus the slope 
of the Flora family, we fitted the slopes of our S-type sample (over the 
0.52-0.92 um range, as used in Fig. 1) by a straight line (see 
Supplementary Fig. 5). This line gave us the mean slope for a given 
composition. To correct the slope distribution for composition 
(Fig. 3), we calculated the slope deficit or excess for all families and 
shifted (up or down) their mean slope values by the calculated 
amount (see Supplementary Information for a more detailed 
explanation of our method for applying the correction). Figure 3 
shows the mean slope of each family with its lo deviation after 
correction for composition versus the age of the family. 

On these basis of these results for composition-corrected spectral 
slope versus age (Fig. 3), it appears that space weathering causes 
spectral slope to increase rapidly for the first ~ 10° years; the increase 
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Figure 3 | The relationship between the spectral slope (visible 
wavelengths) of S-type asteroid families and their ages, after being 
corrected for composition. The red and blue arrows stress two different 
slope regimes that become apparent from our results (these arrows are not a 
fit of the data points). First, the slope of an unweathered surface (at exposure 
time f = 0) starts in the middle of the slope domain of OC meteorites and 
reaches the 0.4 slope value of the Lucascavin family in less than 0.5 Myr. This 
represents a slope variation of ~0.4 in just ~0.5 Myr (red arrow), which is 
consistent with the very rapid reddening trend observed during laboratory 
ion irradiation experiments'*”*. Such a rapid trend appears to be required 
within the first ~10° yr for newly formed asteroid families. Second, the slope 
evolution over the interval t = 0.5-5 Myr to t = 2,500 Myr appears more 
gradual (blue line). Gradual weathering processes such as micrometeorite 
impacts'*”? may account for the continuing slope increase throughout the 
following 2 X 10” yr. Error bars, lo. 
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then continues much more gradually throughout the following 
2 X 10’ years. Physically, an initially steep evolution that levels off 
within a short timescale (~10° years) is in agreement with the 
saturation timescale of a surface undergoing ion implantation”. 
The subsequent and more gradual slope evolution (seen beyond 
10° years) may be evidence of other effects, such as (1) micrometeor- 
ite (dust) impact effects, which are known to be a slow process, and 
(2) a global maturation of the regolith, including ‘gardening’ (evolu- 
tion of surface particle sizes and exposure depth by bombardment) 
and reddening of freshly exposed regolith via both ion implantation 
and dust impacts. Comparing the mean spectral slope values of the 
very young Lucascavin and Karin families (~0.4) with the mean 
spectral slope of the oldest families (0.5-0.55), it appears that 
~80% of the slope alteration (colouring) of a silicate-rich asteroid 
is acquired within the first million years. 

It is important to note that apparently ‘fresh’ (that is, unreddened) 
surfaces are abundant” (~10% of all asteroids) among the smallest 
(~1km) asteroids observable in proximity to Earth. These fresh 
kilometre-sized and larger Q-type NEAs have collisional lifetimes*’ 
greater than 100 Myr and dynamical lifetimes greater than 2 Myr— 
timescales fully adequate for ion implantation to modify their surfaces 
from ‘fresh’ (Q-type) reflectances to ‘weathered’ (S-type) reflectances. 
Thus two implications of a fast space weathering timescale are that (1) 
Q-type NEAs must retain their freshness by frequent rejuvenation of 
their surfaces, and (2) collisions cannot be the main mechanism 
responsible for the high fraction of Q-types among NEAs. Planetary 
encounters may be the responsible process, where tidal shaking®’ 
frequently exposes fresh unaltered material. This hypothesis could 
be tested by looking at the spectral colours of small main-belt asteroids 
compared to those of NEAs; if the planetary encounter scenario is 
correct, then at comparable sizes, Q-type main-belt asteroids should 
be substantially rarer than NEAs of the same type. 
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Optimized dynamical decoupling in a model 


quantum memory 


Michael J. Biercuk’?*, Hermann Uys'**, Aaron P. VanDevender', Nobuyasu Shiga't, Wayne M. Itano’ 


& John J. Bollinger’ 


Any quantum system, such as those used in quantum information or 
magnetic resonance, is subject to random phase errors that can 
dramatically affect the fidelity of a desired quantum operation or 
measurement’. In the context of quantum information, quantum 
error correction techniques have been developed to correct these 
errors, but resource requirements are extraordinary. The realization 
of a physically tractable quantum information system will therefore 
be facilitated if qubit (quantum bit) error rates are far below the so- 
called fault-tolerance error threshold’, predicted to be of the order 
of 10-*-10-°. The need to realize such low error rates motivates a 
search for alternative strategies to suppress dephasing in quantum 
systems’. Here we experimentally demonstrate massive suppression 
of qubit error rates by the application of optimized dynamical 
decoupling** pulse sequences, using a model quantum system 
capable of simulating a variety of qubit technologies. We demon- 
strate an analytically derived pulse sequence’, UDD, and find novel 
sequences through active, real-time experimental feedback. The 
latter sequences are tailored to maximize error suppression 
without the need for a priori knowledge of the ambient noise envir- 
onment, and are capable of suppressing errors by orders of mag- 
nitude compared to other existing sequences (including the 
benchmark multi-pulse spin echo”). Our work includes the exten- 
sion of a treatment to predict qubit decoherence’”’’ under realistic 
conditions, yielding strong agreement between experimental data 
and theory for arbitrary pulse sequences incorporating nonidea- 
lized control pulses. These results demonstrate the robustness of 
qubit memory error suppression through dynamical decoupling 
techniques across a variety of qubit technologies'’'*”. 

We consider classical phase randomization of a qubit due to the 
action of the environment as the dominant source of memory errors. 
Accordingly, we may write a Hamiltonian as H = 4[Q+ B(t)|éz, 
where Q is the unperturbed qubit splitting, f is a classical random 
variable’*”, and Gz is a Pauli operator. As in ref. 13, we may write the 
time evolution of a superposition state initially oriented along Y 
under the influence of this Hamiltonian as 


|Y(t))= = (<reil Ae) 4 eitt/28 J, B(t) at’ ily) 


with ||) and ||) the qubit basis states. The term f(t) adds a random 
phase between the basis states in the rotating frame. Accumulation of 
such a random phase results in decoherence, as an observer loses 
track of the position of the Bloch vector in the equatorial plane. 
However, the application of a x pulse around X (henceforth denoted 
Tx), at time ¢’ = #/2, will result in the approximate time-reversal of 
phase accumulation, so long as fluctuations in f are slow relative to 
the allowed free-precession time of the qubit. This is the basis of the 


Hahn spin echo, a fundamental technique for preserving coherence 
in nuclear magnetic resonance and electron spin resonance systems". 

Given an arbitrary noise power spectrum S,(@), we would expect 
the Hahn echo to act as a high-pass filter, mitigating phase errors 
associated with slowly varying Fourier components of f. It was 
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Figure 1| CPMG and UDD pulse sequence schematics. a, Fractional pulse 
locations, 6;, of CPMG (filled symbols) and UDD (open symbols) sequences 
as a function of pulse number, n: 6yp = sin? (nj/(2n+2)). b, Examples of 
the time-domain filter function, y¢(t), for the CPMG and UDD pulse 
sequences with 6 1-pulses. The dotted line represents the time-domain filter 
function assuming delta-function 7 pulses, while the solid line represents the 
time-domain filter function accounting for non-zero T,. ¢, Logarithmic plot 
of the filter function, F(wt) = | ¥«(@t)| , for sequence length t = 30 ms, and 
T, = 185 ps. Dotted lines indicate filter function with delta-function 7 pulses, 
solid lines account for nonzero t,. d, Generalized diagram of an experimental 
sequence showing key procedures and designations of key times. 
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shown previously that this general interpretation can be extended to 
multipulse sequences: following refs 12 and 13, for any n-pulse 
sequence of total qubit evolution tme t, the coherence of the state 
is given as W(t) =|(oy)(t)| =e~”, where angle brackets indicate 
an expectation value, and the overbar indicates an ensemble average. 


In this expression, 


als 


X(t) = 


[oo F(@t)d@ 


where the filter function F(wt) contains all information about how 
the pulse sequence will preserve qubit coherence under the influence 


of Sp(@). F(wt) is calculated from F(wt) = |77,(@7) *, where Jn( WT) 
is the Fourier transform of the time-domain filter function, y,,(1) 
(Fig. 1b and c). The time domain filter function alternates between 
+1 and —1 for successive free precession periods. 

We begin by studying two distinct pulse sequences, as will be 
described in order below: CPMG and UDD (pulse spacings illustrated 
in Fig. la). CPMG, after Carr, Purcell, Meiboom and Gill, is an exten- 
sion of the Hahn spin echo to a multipulse form, incorporating evenly 
spaced zt pulses about an axis rotated 90° from the direction imparting 
the initial (11/2) . (Fig. 1d). This sequence has been shown to be robust 
against a variety of phase and rotation errors, and does a particularly 
good job at refocusing the Bloch vector’. 

The UDD, or Uhrig dynamical decoupling, sequence is based on 
Uhrig’s discovery” that for an n-pulse sequence, it is possible to modify 
the form of the filter function, and hence the efficiency of noise sup- 
pression compared to CPMG, simply by changing the relative posi- 
tions of the pulses within the sequence (Fig. la and c). By enforcing 
certain constraints on the filter function, he developed a novel 
sequence in the context of the spin boson model (appropriate for 


m, = +3/2 


Fluorescence 
cooling 
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many solid-state systems), designed to increase the suppression of 
errors at short times—the so-called ‘high-fidelity’ regime (the UDD 
sequence was later shown to be general'*'®'®). 

It is important to understand the performance of a given decoup- 
ling sequence in various noise environments, as the experimental 
noise spectrum can vary significantly between qubit implementations 
(as in semiconducting quantum dots versus ultracold atoms). For 
example, in superconducting qubit systems'*'””°, fluctuating electric 
charges and spin centres produce noise spectra varying as 1/w. By 
contrast, a spin-boson model predicts noise with an Ohmic spectrum, 
Sp(@) x @, and a sharp cut-off'*’. In order to test the efficacy of any 
pulse sequence, one must develop a method and testbed capable of 
exhibiting a variety of realistic noise environments. In this manner we 
may think of the testbed as being a model quantum memory capable of 
simulating other technologies. 

We realize such a model quantum memory in an array of ~1,000 
*Be™ ions in a Penning ion trap”. Previous experiments have demon- 
strated that under appropriate conditions these ions form two- or 
three-dimensional arrays with well defined crystal structure” 
(Fig. 2a inset). The qubit states are realized using a ground-state 
electron-spin-flip transition (Fig. 2a, also Supplementary Infor- 
mation). Coherent qubit operations are achieved by directly driving 
this ~124GHz transition via a quasi-optical microwave system 
(Fig. 2b), which we report here for the first time (Figs 1d, 2c-e). 
Microwave qubit control is particularly well-suited to dynamical 
decoupling studies compared to laser-mediated qubit rotations owing 
to the absence of spontaneous emission in the microwave/millimetre- 
wave regime. However, the qubit states are highly susceptible to 
magnetic field fluctuations (states diverge as +p, with jug the Bohr 
magneton), making magnetic field noise a significant source of qubit 
decoherence, and limiting coherence times relative to so-called ‘clock’ 
transitions used in precision metrology. 
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Figure 2 | °Be* qubit structure and coherent control. Details are given in 
Supplementary Information. a, Relevant atomic structure at 4.5 T. Qubit 
states are labelled with (m,, mj), respectively the nuclear and electron spin 
projections of the atom along the quantization axis. Inset, strobed optical 
image of ion fluorescence, showing hexagonal-close-packed order with 
spacing ~10 jim. b, Schematic block diagram of the microwave system used 
to drive qubit rotations. CPL, coupler; DRO, dielectric resonator oscillator; 


Pulse length (ms) 


Precession time (Us) 


IF, intermediate frequency; Mon, monitor; PLL, phase locked loop; Xtal osc., 
crystal oscillator. The 77 MHz reference is modulated for noise injection. 
c, Qubit transition driven via a square microwave 1-pulse of t,, ~ 185 |Is. 
d, Rabi oscillations driven on-resonance give a decay time of 30-40 ms. 

e, Ramsey fringes measured by detuning microwaves during free precession 
(filled blue symbols, 50 kHz, open red symbols, 100 kHz). 
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Doppler cooling ofion motion along the axis of the Penning trap”*, 
using ultraviolet laser light red-detuned from an atomic transition, 
yields ion temperatures of the order of 1 mK. State initialization 
occurs via optical pumping (Fig. 2a), and state readout is achieved 
by fluorescence detection on the same cycling transition used for 
cooling’. We are able to initialize the system in a pure state with 
high fidelity, and perform a strong projective measurement, unlike 
some other ensemble techniques”. 

We employ pulse sequences consisting of a few to more than 1,000 
Tx pulses. We have successfully extended our qubit coherence time 
(that is, 1/e decay time) from approximately 1 ms as measured via 
Ramsey free-induction decay, to over 200 ms using 500 ty pulses ina 
CPMG sequence. In this study we focus primarily on sequences with 
n= 10, allowing us to compare pulse sequences in a regime where the 
minimum error rate is =1%. 

We apply the CPMG and UDD sequences for various pulse num- 
bers (Fig. la and d), and measure state decoherence due to ambient 
magnetic field fluctuations as a function of total free-precession time, 
as shown in Fig. 3a. The ambient magnetic field fluctuations in our 
high-field superconducting magnet are measured directly, giving an 
approximate Wo spectrum (Sg(@) o< 1/*) with additional sharp 
spurs of undetermined origin, including a prominent feature at 
~153 Hz. The data in Fig. 3a demonstrate that it is possible to extend 
the qubit coherence time by adding 1 pulses, as expected. CPMG 
appears to perform similarly to UDD for all n= 10 in this noise 
environment, which has a soft high-frequency cut-off". 

Fitting our experimental data requires that we account for finite 
m-pulse durations in expressions for the pulse sequence filter func- 
tion, diverging from the zero-pulse-length assumptions made in 
most literature on dynamical decoupling’*”?. We assume that 
dephasing is negligible during the application ofa 1 pulse, and build 
on the theoretical descriptions of refs 12 and 13. The above assump- 
tion leads to the insertion of a delay, length t,, between each free- 
precession time, during which the filter function in the time domain 
has value zero (rather than +1; refs 9, 13, 29). Moving to the fre- 
quency domain, we may write the filter function of an arbitrary 
n-pulse sequence as: 


2 


F(wr) = |Gn(wr)/? = |1 + (-1)"*4e? +290 (-1)Fe" cos (wre /2) 
gel 


where 6,t is the time of the centre of the jth mx pulse, and t is the sum 
of the total free-precession time and m-pulse durations (Fig. 1b—d). 
To this order of approximation, all information pertaining to finite 
pulse lengths is accounted for by the simple addition of a cosine term 
in the equation. 

Fits to experimental data show good agreement with theory. In 
Fig. 3a, the free fit parameters are the overall noise strength and the 
relative strength of the 153 Hz spur in our noise spectrum. This spur 
can be observed to slowly change amplitude in real time (on a time- 
scale of hours), and is entirely responsible for the plateau-like feature 
we see at intermediate times in our decoherence curves. Increasing the 
strength of this spectral feature changes the plateau-like feature to a 
rounded hill of increasing height. We believe that deviations between 
our experimental data and fitting functions are dominated by slow as 
well as discontinuous changes in the ambient noise environment. 

Numerical simulations” suggest that in the ‘high-fidelity regime’, 
UDD is capable of significantly outperforming CPMG in a variety of 
noise environments, suppressing errors by several orders of mag- 
nitude to yield ultimate fidelities in excess of 99.99%. In order to 
emphasize the performance differences between these sequences, we 
artificially inject noise to simulate systems where UDD outperforms 
CPMG in the lower-fidelity regime. 

We inject noise with Ohmic and 1/@ power spectra (see 
Supplementary Information) and test the relative performance of 
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Figure 3 | Pulse sequence performance in the presence of various noise 
spectra. a, CPMG and UDD performance under ambient noise for various 
n. Phase errors manifested as non-zero fluorescence detection; traces 
saturate at 0.5 for total phase randomization. Traces for n = 4,5 offset by 0.5 
units for clarity. Each data point corresponds to 50 averages. Detailed fit 
parameters presented in Supplementary Information. Inset, ambient noise 
spectrum measured via a solenoid embedded in our NMR magnet. 

b, c, Performance of UDD and CPMG for noise spectrum displayed in 
respective inset with 500 Hz cut-off. UDD performance relative to CPMG 
improves with increasing noise intensity, as predicted by theory. Insets to 
b and c show smoothed noise on a log—log plot, measured using a phase- 
noise detection system with a noise modulation amplitude Vy = 0.7 V 
(Supplementary Information; red line represents intended noise envelope 
up to high-frequency cut-off). 

UDD and CPMG (Fig. 3b and c). The peak injected noise power is 
approximately five orders of magnitude larger than the ambient 
spectrum; this extremely large noise power increases the overall error 
rates such that we may easily discern differences in sequence per- 
formance with limited measurement fidelity. Our data indicate that 
the UDD sequence dramatically outperforms CPMG in the presence 
of noise with an Ohmic spectrum and a sharp cut-off’—a significant 
departure from results under ambient noise. By contrast, using a 1/@ 
power spectrum with a sharp cut-off, we find that over the entire 
range of accessible noise intensities, CPMG performs similarly to 
UDD. As expected, noise power at low frequencies is well-filtered 
by both sequences, yielding longer overall coherence times for the 
1/@ spectrum relative to the application of an Ohmic spectrum, and 
consistent with theoretical work’*. Theoretical fits using the appro- 
priate noise spectrum and a single free parameter, «, a scaling factor 
for the overall noise level, again show good agreement with data. 
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A significant challenge for experimentalists employing dynamical 
decoupling techniques is derived from a general inability to precisely 
characterize Sp(q@). Realistic noise rarely resembles any simple idea- 
lized spectrum, as the specific measurement hardware and laboratory 
environment will add frequency components to S,(@) that are not 
easily measured or predicted by theory. Realizing optimal noise sup- 
pression therefore requires an ability to choose appropriate dynamical 
decoupling pulse sequences without precise knowledge of the noise 
environment. 

We surpass previous efforts on dynamical decoupling sequence 
construction by developing novel locally optimized dynamical 
decoupling (LODD) pulse sequences that are tailored to a given 
experimental noise environment, and realized through real-time 
experimental feedback*’ without the need for any knowledge of the 
relevant noise spectrum. Our technique employs the Nelder-Mead 
simplex method for optimization in an n-dimensional space (n 
pulses), manipulating the relative pulse positions in a sequence for 
fixed sequence length (see Supplementary Information). 
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Figure 4 | Nelder-Mead pulse-sequence optimization using Ohmic 
spectrum and n = 6. a, UDD and experimentally optimized pulse sequence 
performance on a logarithmic scale. Green arrow indicates the sequence 
length for which experimental optimization was performed. Error 
suppressed ~8%X relative to CPMG (not shown). Blue dotted line indicates 
simulated decoherence for sequences optimized at all t and same noise 
strength as experimental optimization trace. Inset, optimized sequences for 
all values of total free-precession time (blue symbols). Black Xs indicate the 1 
pulse positions of the single experimentally optimized sequence. Ticks and 
horizontal grids correspond to original UDD pulse positions. b, Filtration 
benefits of experimentally optimized pulse sequence tailored to injected 
noise environment. Noise power spectrum (upper trace) and logarithmic 
improvement of optimized filter function relative to UDD filter function 
(lower trace; grey shading highlights area). Positive numbers (also blue 
background shading) indicate regions of Ss(@) where the optimized 
sequence provides noise suppression superior to UDD. 
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Experimental optimization results for an Ohmic spectrum are 
displayed in Fig. 4a, along with a schematic depiction of the resultant 
optimized pulse sequence as compared with UDD (Fig. 4a inset). 
Small modifications in the pulse positions (for both Ohmic and 1/@ 
spectra) produce significant improvements for a given total free- 
precession time, and theoretical fits closely replicate experimental 
data. In the data presented, the LODD sequence suppresses the qubit 
error rate at the optimization point by a factor of five relative to UDD, 
and nearly an order of magnitude over CPMG. We believe that the 
divergence between data and theory below ~2ms free-precession 
time is a consequence of the intrinsic noise floor in our measurement 
system, rather than a failure of the theory. The origin of the observed 
improvements is elucidated in Fig. 4b; the frequency range over which 
the LODD filter function is smaller than that for UDD overlaps with 
the spectral peak of the noise, thus reducing y(t). 

The experimental optimization shown in Fig. 4a is performed for 
only a single value of 1, suggesting that the limited range of t over 
which the experimentally optimized sequence shows benefits is not 
fundamentally constrained. Indeed, numerical optimization for all 
values of t yields a suite of LODD pulse sequences (Fig. 4a inset) that 
outperform CPMG and UDD in the high-fidelity regime by an order 
of magnitude (blue dashed line, Fig. 4a). Further, the experimentally 
optimized sequence is nearly identical to that derived numerically for 
the same value of the free precession time, validating the capabilities 
of our experimental optimization procedure. 

In summary, we have demonstrated the efficacy of phase error sup- 
pression via optimized dynamical decoupling pulse sequences applied 
to a model quantum memory. This experimental system has been 
employed to test pulse sequences under a variety of experimentally 
realistic noise environments, yielding good agreement with theoretical 
predictions for qubit coherence. We have developed a real-time active 
feedback technique to experimentally produce locally optimized pulse 
sequences outperforming all others, without requiring any knowledge 
of the experimental noise environment. The strong agreement between 
data and theory under the application of extremely large noise power 
suggests that the use of dynamical decoupling pulse sequences should 
realistically be able to suppress qubit errors well below the fault- 
tolerance threshold under more commonly observed values of ambient 
noise power. Our results provide key ingredients of a quantum toolkit 
which will make the production of a functional and useful quantum 
computer more realistic, and apply broadly to all qubit technologies 
and unconstrained noise environments. 
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Universal transduction scheme for nanomechanical 
systems based on dielectric forces 


Quirin P. Unterreithmeier’, Eva M. Weig' & Jorg P. Kotthaus’ 


Any polarizable body placed in an inhomogeneous electric field 
experiences a dielectric force. This phenomenon is well known 
from the macroscopic world: a water jet is deflected when 
approached by a charged object. This fundamental mechanism is 
exploited in a variety of contexts—for example, trapping micro- 
scopic particles in an optical tweezer', where the trapping force is 
controlled via the intensity of a laser beam, or dielectrophoresis’, 
where electric fields are used to manipulate particles in liquids. 
Here we extend the underlying concept to the rapidly evolving 
field of nanoelectromechanical systems** (NEMS). A broad range 
of possible applications are anticipated for these systems”®’, but 
drive and detection schemes for nanomechanical motion still need 
to be optimized*’. Our approach is based on the application of 
dielectric gradient forces for the controlled and local transduction 
of NEMS. Using a set of on-chip electrodes to create an electric 
field gradient, we polarize a dielectric resonator and subject it to 
an attractive force that can be modulated at high frequencies. This 
universal actuation scheme is efficient, broadband and scalable. It 
also separates the driving scheme from the driven mechanical 
element, allowing for arbitrary polarizable materials and thus 
potentially ultralow dissipation NEMS". In addition, it enables 
simple voltage tuning of the mechanical resonance over a wide 
frequency range, because the dielectric force depends strongly 
on the resonator—electrode separation. We use the modulation of 
the resonance frequency to demonstrate parametric actuation'»”. 
Moreover, we reverse the actuation principle to realize dielectric 
detection, thus allowing universal transduction of NEMS. We 
expect this combination to be useful both in the study of 
fundamental principles and in applications such as signal proces- 
sing and sensing. 

Common actuation mechanisms of nanomechanical resonators 
can be divided into local on-chip schemes and schemes relying on 
external excitation. The former are based on voltage-induced forces 
such as internal piezo-electrical*'’, capacitive'', magnetomotive"’, 
electrothermal" or static dipole-based dielectric'’. Although highly 
integrable and efficient, these schemes impose constraints on mater- 
ial choice and geometry and thus mostly suffer from large dissipa- 
tion’’. The latter employ external actuation such as photothermal’” 
or inertia-based piezo-actuated schemes", which is less restrictive on 
system choice and hence advantageous in terms of dissipation®'®. 
However, attaining high-frequency actuation as well as integrability 
remains a challenge. 

Here, we introduce a driving scheme that integrates external, yet 
local actuation for arbitrary resonators, directly based on electrical 
signals. It enables independent optimization of both the actuation 
and the resonant element. Our mechanism relies solely on dielectric 
interaction: A polarizable material experiences an attractive force in 
an inhomogeneous electric field directed towards the maximum field 
strength. In our case the polarizable element is a doubly clamped 


silicon nitride beam, as depicted in Fig. 1a, which serves as a low- 
dissipation radio-frequency (r.f.) resonator’®’. The inhomogeneous 
field in the beam plane is created by two subjacent gold electrodes 
(see inset of Fig. 1b). A static voltage Va... (direct current, d.c.) 
applied to the electrodes induces a strong dipolar moment in the 
resonator that in turn experiences an attractive force directed 
towards the electrodes. Modulating V4... with an r.f. signal V,.¢ gives 
rise to an oscillating force component that drives the resonator per- 
pendicularly to the chip plane. 

To obtain quantitative insight into the dielectric forces, we carried 
out finite element simulations for the given geometry (see Fig. 1). The 
black line in Fig. 1b depicts the dielectric force acting on the resonator 
as a function of its distance d from the substrate. The force exhibits a 
maximum ata distance that is comparable, though somewhat smaller 
than our resonator-—substrate separation of d~ 300 nm. In addition, 
the simulations can be used to extract information on the underlying 
circuitry. The mutual capacitance of the electrodes is Cyutual ~ 1.5 fF. 
Along with an impedance of R ~ 50 Q, this yields a cut-off frequency 
fe = 1W/(20RCputuai) in the terahertz regime, which goes well beyond 
attainable frequencies for driven nanomechanical systems*. A simple 
analytical model reproduces the simulated behaviour. As the electric 
field lines in the inset of Fig. 1b show, the overall dominant field 
component in the vicinity of the resonator is parallel to the surface 
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Figure 1| Sample geometry and force acting on the nanomechanical 
resonator. a, Scanning electron micrograph of a representative device. The 
high-stress silicon nitride film (green) forms the suspended doubly clamped 
beam and its supports. The four nearby gold electrodes (yellow) are 
connected to both a d.c. and an r.f. voltage source used to polarize and 
resonantly excite the beam. b, Electrostatic force per unit length in the z 
direction, perpendicular to the sample plane, versus distance d from the 
electrodes for Vg... = 2 V simulated by a finite element calculation (black) 
and approximated by an analytical fit (red). In our experiments d is about 
300 nm. The inset depicts a cross-section of the device and shows the electric 
field lines obtained by the simulation. We note that the field component E, 
changes sign across the beam along the x direction, giving rise to a finite 
OE,/0x, as in equation (1). 
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(x direction). Therefore, the induced charge distribution on the 
resonator can be approximated by a dipole oriented in the x direction 
proportional to the electric field component in this direction: 
Px = YE» with susceptibility y. The charging q; of each electrode is 
described by a point charge. Neglecting the electrostatic contribution 
of the influenced charges, the zcomponent of the resulting force F,in 
this simple dipole approximation is proportional to the field gradient 
along the x direction: 


OE, 
F,=Dpx oe oc EE, (1) 
with E(r) = 5; qi ame 
i=1,2 [= a 


Using the mutual distance of the electrodes |r, — r2| and the resonator 
susceptibility y as fit parameters, the simulated results are well 
approximated (see red line in Fig. 1b). Neglecting small deformations 
of the resonant element by electrical forces, equation (1) predicts a 
quadratic dependence on electric field, just as in the case of capacitive 
actuation''. Weakly modulating the applied bias voltage therefore 
gives rise to an oscillating force: 


F[Vac. + Vie] =e1(Vac. + Vie.) ~1 Vig +201 Vac. Vie, (2) 
with c, a constant 


Equation (2) shows that two independent parameters ensure optimized 
actuation: while V,.¢ is employed to actuate the oscillatory motion of the 
resonator, the amplitude of Vg... independently controls the strength of 
the polarization. This striking behaviour is a distinct feature of electrical 
realizations of dielectric force gradients. Optically generated gradient 
forces which have recently been reported as actuation for nanomecha- 
nical resonators'* do not incorporate this polarization tunability 
because both polarization and actuating force result from the same laser 
field. Unlike for the related concept of laser tweezers employing 
polarizing quasi-static electrical fields’, the polarizing d.c. voltage allows 
efficient operation even in the case of a reduced susceptibility y(@) in 
the frequency regime of resonator eigenmodes. 

Our experiments are performed at room temperature in a vacuum of 
P<3%X 10 °mbar to exclude gas damping. Resonators with typical 
dimensions of (30-40) X 0.2 X 0.1 jm? (length X width X height) 
are fabricated from high-stress silicon nitride’® using standard litho- 
graphic methods. The drive electrodes are defined by lithographic post- 
processing on fully released beams, enabled by the strong tensile stress of 
1.4GPa of the silicon nitride film. Several resonators processed on 
different sample chips were investigated. The results shown in this work 
are representative and have been taken from three distinct resonators. 

Using a standard fibre-based optical interferometer’’, we detect 
the out-of-plane displacement of the resonator sensitively enough to 
resolve the Brownian motion of the resonator, as shown in Fig. 2a. 
The fundamental resonance is described by a harmonic differential 
equation, with effective mass m, spring constant ko, eigenfrequency 
fo = \/ko/m/2n, mechanical quality factor Q and external force F. 
For the investigated resonators, fo lies between 5 and 9 MHz, while Q 
ranges from 100,000 to 150,000, comparable to values reported 
elsewhere’’. The frequency spectrum of the thermally driven system 
is Lorentzian. Its calculated amplitude” is used as a calibration to 
convert the measured optical signal into displacement. Figure 2b 
displays the driven resonator amplitude versus frequency along with 
a Lorentzian fit. The measured resonance amplitude (all indicated 
amplitudes are half-peak-to-peak amplitudes) for an actuation with 
Vac. + Vig = 1V £ 0.2 mV is about +0.8 nm. A simple model based 
on the simulated forces yields +0.3 nm when assuming a dielectric 
constant of silicon nitride of 7 (the literature’! reports values between 
6 and 9), which is in fair agreement. From the experimental data we 
estimate that a minimal actuation voltage V,., = +5 pV is sufficient 
to drive more strongly than the Brownian motion for a bandwidth of 
50 Hz. With the simulated value of Cyutual = 1.5 fF this translates 
into resonantly charging the electrodes by just 0.05 electrons, which 
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Figure 2 | Response of the dielectrically driven nanomechanical resonator. 

a, Brownian motion at room temperature for Vg. = 1 V without r.f. 
excitation. b, Dielectrically driven oscillation with Vg... + Vig =1V + 0.2 mV, 
corresponding to an r.f. power of —70 dBm. The data in a and b (dots) are well 
fitted by Lorentzians (red lines). The magnitude of the Brownian motion is 
used to convert the measured signal into the amplitude of the resonator 
displacement. ¢ and d, Response of the resonator as a function of frequency 
and d.c. bias voltage at r.f. drive V,.¢ = £0.06 mV. In ¢, the power response is 
logarithmically colour-coded. The resonance frequency decreases 
quadratically with V4... (fit shown by the black line). The resonant amplitude 
of c is displayed as a function of the d.c. bias in d, reflecting the linear 
dependence of the resonator polarization on d.c. bias voltage (fit shown by the 
red line). 


is below recently reported results’. In Fig. 2c individual power res- 
ponse traces are plotted as a function of frequency ona colour scale for 
a series of Va. and V.¢ = +63uV. The corresponding resonant 
amplitude is depicted in Fig. 2d. It clearly scales linearly with the 
applied d.c. bias voltage, as expected from equation (2). The resonance 
frequency decreases quadratically with bias voltage (see fit indicated 
by solid black line in Fig. 2c). This can be readily understood from the 
force dependence on the distance d (see Fig. 1b). Expanding this 
dependence around the equilibrium position d yields: 

OF . 
od a 
The constant term Fo leads to a new equilibrium position and can be 
ignored. However, the term linear in displacement (at the same time 
quadratic in applied voltage) acts as an additional spring constant on 
the resonator. It follows from Fig. 1b that this contribution is negative 


Fldy + 8d] = Fy + — 5d+ O(8d)’ (3) 


for the given d~ 300 nm. The resulting eigenfrequency h therefore 
shifts in leading order with the observed quadratic voltage dependence: 


7 _1 fe aVE, .(,_ aVee 
ia (4) 


with c a constant 


Figure 3a exhibits a frequency tuning range of more than 100 kHz, 
corresponding to approximately 1,000 full width at half maximum 
(FWHM ~ 100 Hz). 

Subject to strong actuation, the resonator response enters the non- 
linear regime. This can be achieved for relatively small actuation 
powers, which do not give rise to a significant thermal heating of the 
sample (see Supplementary Information). Higher-order terms in dis- 
placement display similar tuning effects”, which will be presented 
elsewhere. The voltage tuning enables parametric excitation: a modu- 
lation of the resonance frequency at about 2fp can give rise to instability 
and self-oscillation of the system even without the applied resonant 
force F***. Figure 3b depicts the power response versus detection 
frequency f near fy and r.f. frequency modulation power leading to 
the modulation amplitude 6f (see Fig. 3a). The characteristic Arnold 
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Figure 3 | Tuning and parametric transduction of the 
nanoelectromechanical resonator. a, Power response of the resonator at 
V..¢. = +2mV sampled around the resonance. To minimize long-term drifts, 
traces are taken with increasing absolute value of d.c. bias reversing sign 
between consecutive traces (see Supplementary Information). b and 

c, Interferometric versus dielectric detection. b, Interferometrically _ 
measured power response subject to parametric actuation around 2f at 
Vac. = 3V. The resonance frequency is modulated at 2f with the r.f. power 
plotted on the y axis, while the detection frequency fis plotted along the x 
axis. c, Power response of a parametrically excited resonator using dielectric 
detection at Vy. = 20 V. As in b, the resonator was driven by a frequency 
modulation at twice the detection frequency as a function of modulation 
power and detection frequency. The response reproduces the 
interferometrically measured data from b, even though a sample with a 
different electrical environment was used. 


tongue’ indicates the region of instability and self-oscillation as experi- 
mental evidence of parametric actuation. In particular, when the 
resonance frequency fy is modulated at exactly twice its value with 


df(t) =df x cos (2 (2nf.) r) , theory predicts the transition to occur 


when df >fo /Q. For the case shown in Fig. 3a, the transition is 
expected for a driving power of —25 dBm, which is in good agreement 
with the data. However, we note that there is some ambiguity in 
defining the onset of spontaneous oscillation". 

Reversing the actuation principle, we can also electrically detect the 
motion of the resonator locally. Therefore, on a different sample, a 
second pair of biased electrodes is introduced, which had previously 
been shunted with the driving electrodes (see Fig. 1a). The oscillating 
motion of the polarized resonator modulates the mutual capacitance 
of these electrodes, thereby creating an electrical signal. To avoid cross- 
talk from a resonant drive signal, the beam was parametrically excited 
around 2fg, as discussed above. The dielectric detection scheme uses an 
impedance converter near the sample and is demonstrated in Fig. 3c. 
To estimate the achieved sensitivity, the response amplitudes of Fig. 3b 
and c are compared when the resonator is driven 10 dB beyond the 
onset of spontaneous oscillation. An amplitude of +10 nm results in 
an electrical signal power of approximately —80 dBm. As the noise 
level is about —100dBm when measuring at 50 Hz bandwidth, the 
sensitivity is approximately 20 pm Hz '”” for the unoptimized device. 
An estimate of the limits of this detection scheme using a more 
advanced set-up can be found in the Supplementary Information. 
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Although other electrical displacement sensors have obtained higher 
sensitivities*°, the integration with a highly efficient, material- 
independent drive makes our dielectric scheme an interesting candidate 
for nanomechanical transduction. 

In conclusion, by taking advantage of dielectric gradient forces, we 
realize and quantitatively validate a new and widely applicable actuation 
and readout scheme for nanoelectromechanical systems. It is on-chip 
and scalable to large arrays, broadband potentially beyond the gigahertz 
regime, and imposes no restrictions on the choice of resonator material. 
It thus enables the optimization of mechanical quality factors of the 
resonator without being bound by specific material requirements. The 
sensitivity of mechanical sensors scales with the quality factor’, so we 
anticipate the scheme to be of interest in the fast-developing field of 
sensing’®. Capable of locally addressing individual resonators, it is 
particularly relevant for bio-sensing, where large arrays of individually 
addressable resonators are desirable to analyse multiple constituents. 
Because the driven mechanical element can be fabricated separately 
from the actuating capacitor, it will also permit bottom-up fabrica- 
tion’’. Using this actuation scheme we demonstrate strong electrical 
field-effect tuning of both the resonance amplitude and frequency. This 
facilitates parametric excitation of the resonator at 2f, thus allowing 
decoupled detection of its oscillation at f The large frequency tuning 
range can, for example, be used for in-situ tuning of several mechanical 
elements into resonance”* or coupling to external elements”. Moreover, 
the combination of parametric excitation and (even weak) signal 
extraction enables digital signal processing based on mechanical ele- 
ments, as has recently been demonstrated for microelectromechanical 
resonators’. With additional tuning, an almost ideal electromechanical 
bandpass filter has been suggested’. Whereas we already achieve highly 
efficient actuation, as reflected by the low driving voltages in the micro- 
volt regime, the sensitivity of our detection scheme can be significantly 
enhanced by, for example, using a microwave tank circuit”®. This also 
opens a pathway to cooling the mechanical eigenmodes**””. 
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Observation of ultralong-range Rydberg molecules 


Vera Bendkowsky’, Bjérn Butscher’, Johannes Nipper’, James P. Shaffer’”, Robert Low’ & Tilman Pfau’ 


Rydberg atoms have an electron in a state with a very high principal 
quantum number, and as a result can exhibit unusually long-range 
interactions. One example is the bonding of two such atoms by 
multipole forces to form Rydberg—Rydberg molecules with very 
large internuclear distances’ *. Notably, bonding interactions can 
also arise from the low-energy scattering of a Rydberg electron with 
negative scattering length from a ground-state atom*”. In this case, 
the scattering-induced attractive interaction binds the ground- 
state atom to the Rydberg atom at a well-localized position within 
the Rydberg electron wavefunction and thereby yields giant mole- 
cules that can have internuclear separations of several thousand 
Bohr radii®*. Here we report the spectroscopic characterization 
of such exotic molecular states formed by rubidium Rydberg atoms 
that are in the spherically symmetric s state and have principal 
quantum numbers, n, between 34 and 40. We find that the spectra 
of the vibrational ground state and of the first excited state of the 
Rydberg molecule, the rubidium dimer Rb(5s)—Rb(ns), agree well 
with simple model predictions. The data allow us to extract the 
s-wave scattering length for scattering between the Rydberg elec- 
tron and the ground-state atom, Rb(5s), in the low-energy regime 
(kinetic energy, <100 meV), and to determine the lifetimes and the 
polarizabilities of the Rydberg molecules. Given our successful 
characterization of s-wave bound Rydberg states, we anticipate that 
p-wave bound states’, trimer states'® and bound states involving 
a Rydberg electron with large angular momentum—so-called 
trilobite molecules’—will also be realized and directly probed in 
the near future. 

In 1934, Fermi introduced the ideas of scattering length and pseu- 
dopotential to describe the scattering of a low-energy electron from a 
neutral atom‘. Although the polarization potential for electron—atom 
interaction is always attractive, he realized that quantum mechanical 
s-wave scattering can give rise to either a positive or a negative scatter- 
ing length depending on the relative phase between the ingoing and the 
scattered electron waves. Taking this idea farther, Greene et al.° 
predicted a novel molecular binding mechanism arising from a low- 
energy Rydberg electron scattering from an atom with negative scatter- 
ing length. 

Fermi’s approach to characterizing the binding interaction that 
arises from scattering of a Rydberg electron from a ground-state 
atom requires that the binding energy (in frequency units) be smaller 
than the Kepler frequency of the Rydberg electron, and that the size of 
the electron wavefunction, « 1’, be much larger than the range of 
interaction, r (which in units of the Bohr radius (a) ~ 0.529 A) is 
given by r= /a (ref. 11), where « is the polarizability of the 
ground-state atom). Averaged over many scattering events and 
weighted with the local electron density, |'%.,|’, the approach effec- 
tively leads to a mean-field potential, Viyp, between the scattering 
partners. If R is the position of the ground-state atom relative to the 
ionic core of the Rydberg atom, then the potential is given by 


Vur(R) = 2na(K(R))| F nm(R)|" (1) 


and can, depending on the scattering length, a(k(R)), be repulsive 
(a> 0) or attractive (a < 0)’. Evidence for these molecular potential 
curves was found in theoretical work on alkali/rare-gas scattering'’>" 
as well as in spectroscopic data of rubidium at high temperatures, 
where inhomogeneous line broadenings were observed for low prin- 
cipal quantum numbers’”. 

In a semi-classical approximation, the scattering length is a func- 
tion of the relative momentum, k(R), of the two scattering partners. 
This k dependence can be expressed as 


a(k) = datom + 5k + OF) (2) 


where datom is the zero-energy scattering length'”’®. The scattering 
length depends on R because the momentum, k, of the Rydberg 
electron changes with its position in the Coulomb potential of the 
nucleus. Owing to the correspondence principle for large principal 
quantum numbers, n, a reasonable ansatz for k(R) (where R = |R)) is 
the classical equation given in ref. 5: 
kP(R 
an 5547 (3) 
wm eR 

Our focus in this study is on rubidium in its simplest Rydberg state, the 
s state (angular quantum number, /= 0). Figure 1 shows the mean- 
field potential given by equation (1) and the electron probability 
density calculated for the 8’Rb(35s) state. (The densities were calcu- 
lated using Numerov’s method, including quantum defect correc- 
tions’”'®. Energy levels and wavefunctions of the molecular potential 
were computed using a numerical solver'’.) The molecular potential, 


Figure 1 | Electron probability density and molecular potential for the 35s 
state. The surface plot shows the spherically symmetric density distribution 
of the Rydberg electron in the R-g plane, (R/27) | %35,0,0(R) . The molecular 
potential for the state *X(5s—35s) (green) is modelled for a polarizability 

a“ = 319a.u. and a scattering length ag, = —18.5a . Not shown is the 
repulsive part of the potential for R < 500ap that results from a zero crossing 
in the scattering length a(k(R)) at approximately 500ap. The potential 
supports two vibrational bound states (wavefunctions given in blue) in the 
outermost potential wells at R = 1,900dp with binding energies (in frequency 
units) of Eg(v = 0) = —23.4 MHz and Eg(v = 1) = —10.6 MHz. 
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Figure 2 | Spectra of the Rydberg states 35s, 36s and 37s. The overview 
spectra (right) are centred around the atomic Rydberg lines 

(5s, mp = 2) > (ns, ms = 1/2). The additional shoulder at ~ —3 MHz 
corresponds to the magnetic-field-dependent transitions 

(5s, mp = 2) > (ns, ms = —1/2). On the left are shown the observed molecular 


Vur(R), is proportional to the Rydberg electron probability density, so 
the expected bond length to be given by the size of the Rydberg wave- 
function; for example, the size of the Rydberg wavefunction of the 
87Rb(40s) state is 2,556dp. 

To observe the *E ultralong-range molecules formed from s-state 
Rydberg atoms, we prepare a spin-polarized, magnetically trapped 
sample of ultracold 8’Rb atoms in the state 55/2, mp = 2 (mp denoting 
the projection of the angular momentum on the magnetic field axis), 
and excite them via the 5p3/. level to the Rydberg state ns,/ 
(Methods). Polarizations are chosen to conserve the Rydberg elec- 
tron spin with respect to the ground-state atoms, which should 
ensure that only triplet bound states form. Spectra obtained for 
°7Rb atoms that differ essentially in only their principal quantum 
numbers are presented in Fig. 2. The peak at the origin of each 
spectrum is the atomic Rydberg line 87Rb(ns1/2, Ms = 1/2) (mg denot- 
ing the orientation of the spin with respect to the magnetic field), and 
the slightly broadened secondary peak, or ‘shoulder’, on the lower- 
frequency, or red, side corresponds to the ms = —1/2 atomic Rydberg 
state. These two atomic levels are shifted by +gBy owing to the 
Zeeman effect of the magnetic offset field, By (44g denoting the 
Bohr magneton), with the ms = —1/2 state being present because 
the residual inhomogeneous magnetic field direction of the trap 
can cause a spin flip during Rydberg excitation. The smaller peaks 
appearing farther to the red side are assigned to the ultralong-range 
Rydberg molecules. The Zeeman effect shifts atomic as well as 
molecular lines, and the measured binding energies, E,, therefore 
correspond to the differences between the centres of multiplet lines 
(inset, Fig. 3). The energy positions of these centres are given by the 
magnetic offset field By, which was measured independently for each 
spectrum. 

Weassign the lines at the highest binding energies to the vibrational 
ground state v = 0 of the triplet molecule *X(5s—ns) (v denoting the 
vibrational quantum number). Considering our peak atomic densi- 
ties, 1g, we expect the Franck—Condon factor for excitation of two free 
ground-state atoms to the bound molecular state to be on the order of 
10 7. However, Franck-Condon factors cannot be directly derived 
from the relative line intensities in the measured spectra because the 
excitation of the atomic Rydberg states is strongly suppressed by van 
der Waals blockade (ref. 20 and references therein). 

We assign the observed spectral lines corresponding to different 
principal quantum numbers using the previously described theory 
based on the Fermi-Greene model. With an accurately known 
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lines at higher resolution. We assign the leftmost line of each spectrum to the 
3¥(5s-ns)(v = 0) bound state. The highest-lying lines in the 35s and 36s 
spectra are in good agreement with the modelled excited states 

33(5s—ns)(v = 1). Peaks not yet assigned are marked with diamonds. The error 
bars (2c) are determined from 15 (right) and 30 (left) independent spectra. 


ground-state polarizability for rubidium of « = 319(6) atomic units 
(a.u.) (ref. 21), the only free parameter in equations (1) and (2) is the 
triplet scattering length, ag,. We find that the binding energies mea- 
sured for the *X(5s-ns)(v=0) states and obtained with the model 
agree best when using dg, = — 18.5d. This value is close to theoretical 
predictions for agp, which range between —13a9 and — 174 for the 
triplet case and +0.6a) and +2.0ao for the singlet case’®. Figure 3 
shows the eigenenergies of the modelled potentials and the measured 
binding energies, Eg. In view of the approximate nature of the model, 
the description of the dependence of the eigenenergies and binding 
energies on the principal quantum numbers, n, of the ground states 
3 (5s-ns)(v = 0) is surprisingly good. Having experiment-based deter- 
mination of the electron—atom scattering length in the low-energy 
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Figure 3 | Measured and calculated binding energies, Eg. The solid lines are 
the calculated binding energies for the v = 0, 1 states, assuming a scattering 
length agp = —18.5ao; shaded areas show the theory for 

agp = —(18.5 + 0.5)a. Symbols represent the measured line centres for the 
molecular v = 0,1 states (red) and the unassigned states (green). For the 
strong spectral lines (v = 0, n = 34-37), errors are given by the laser 
linewidth of +0.5 MHz; for the other lines, errors are given by the 95% 
confidence bounds of the fit. The inset illustrates the definition of Eg as the 
energy difference between the line centres of atomic doublet n’s lines and 
molecular triplet °X(5s—ns) lines in a magnetic field By leading to a Zeeman 
splitting 43 = 21pBo. 
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regime (kinetic energy, <100 meV) is useful because this parameter is 
important in the context of, for example, electron solvation” and struc- 
ture calculations of negative ions*’. We note, however, that our result 
depends upon the model used to calculate the mean-field potential; a 
precision analysis might therefore benefit from an extension of the 
Fermi—Greene model**”. 

The modelled molecular potentials (Fig. 1) also support an excited 
bound state, yielding eigenenergies for the first vibrational states 
(v= 1) that are in good agreement with the corresponding lines seen 
in the measured 35s and 36s spectra (Figs 2 and 3). Although this good 
agreement between model and experiment is reassuring, we note that 
the additional unassigned lines in the spectra clearly indicate that 
p-wave contributions to the molecular potential cannot be neglected. 
In this system, the p-wave contributions leave the outermost potential 
well of the pure s-wave potential, and therefore also the v = 0 state, 
nearly unchanged. However, the barriers between the potential wells 
are lowered, leading to a higher number of excited states and affecting 
the assignment of the v = | states given in Figs 2 and 3. Recent calcula- 
tions based on the Fermi—Greene model including p-wave scattering’ 
(I. Liu and J. M. Rost, personal communication) confirmed this quali- 
tative explanation and the experimental results for the excited 
molecular states. 

In addition to their vibrational modes, the °X(5s—ns) molecules also 
exhibit rotational spectral features determined only by their masses 
and bond lengths. The rotational constants range from 11.5 kHz for 
the *X(5s-35s) molecule to 9.0 kHz for the *X(5s-37s) molecule and 
are thus far below the resolution of the present measurements. 

We further characterize the molecular states by Stark-effect measure- 
ments of the molecular ground state (v= 0; see Methods). The Stark 
spectra of the atomic 35s state and the molecular 3¥(5s-35s)(v = 0) 
state in Fig. 4 both show, as expected, a quadratic Stark shift with the 
electric field. The relative polarizabilities of the atomic and the molecu- 
lar v = 0 states are a = 1,542(7) X 10” a.u. and o = 1,524(4) X 10’ a.u., 
respectively. (We note that absolute polarizability values are affected by 
a systematic error of 12% arising from the calibration of the electric 
field.) The fact that the values are very similar to each other supports the 
model assumption that the bound ground-state atom does not perturb 
the Rydberg wavefunction significantly. 

To investigate the lifetime of the molecular v = 0 state as well as that 
of the atomic Rydberg state, we apply an excitation pulse of fixed 
length to either the molecular or the atomic resonance and change 
the time between excitation and field ionization. From the exponential 
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Figure 4 | Stark map of the atomic 35s state and the molecular 
32(5s-35s)(v = 0) state. The line centres of both the atomic state (right) 
and the molecular state (left) (symbols) show a quadratic Stark effect. Their 
polarizabilities are determined to be « = 1,542(7) X 10’ a.u. and 

o. = 1,524(4) X 10’ a.u. for the atomic 35s state and the °X(5s—35s)(v = 0) 
state, respectively (white lines). The error bars represent the finite laser 
linewidth of +0.5 MHz. 
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Table 1| Lifetimes of atomic states and molecular ground states 


Rydberg state Tatom (MS) Tmolecule (HS) 
35s 65+9 15.3 
36s BET 17+4 
37s 57+5 18+6 


Tatom, lifetime of the ns Rydberg state; tmolecule, lifetime of the molecular ground state 
33(5s-ns)(v = 0). The errors (2c) are determined from an exponential fit to the data. 


decrease of detected ions, we determine the respective lifetimes, t, of 
the molecules and Rydberg atoms (Methods). In Table 1, we compare 
the measured molecular lifetimes with those of the atomic Rydberg 
states. The lifetimes of the Rydberg atoms are slightly longer than the 
lifetimes of the corresponding atoms in free space. We attribute this 
effect to suppression of the decay of black-body radiation by the metal- 
lic environment of the chamber, which changes the spectral mode 
density. More importantly, however, the data show that the molecular 
lines decay faster than the atomic states by a factor of typically 3-4. 
Considering that the atomic and molecular polarizabilities are almost 
identical, such a reduction in the molecular lifetime is noteworthy. A 
possible additional decay channel for the molecular states could be 
ion-pair formation (that is, Rb(ns) + Rb(5s)—>Rb* + Rb), as 
observed with rubidium for low principal quantum numbers”, but 
full clarification of the additional molecular decay process will be the 
subject of further study. 

The molecular bound states observed here with rubidium are 
expected to form with all species exhibiting a negative scattering 
length for electron—atom interactions, for example the other alkali 
atoms’®. Successful observation of such states requires sufficiently 
high densities, to provide a reasonable number of atom pairs with 
distances on the order of 100 nm, and low temperatures, to avoid 
collisions during the excitation. Future theoretical investigations are 
needed to clarify the nature of the additional bound states evident in 
the spectra, and further development of our experimental approach 
may soon reveal trimer states'®, p-wave bound states’ and high-/ 
Rydberg states—so-called trilobite molecules*. In conclusion, we 
note that the molecular state described here might find use in 
pump-probe experiments as a reference in studying collective 
Rydberg excitation (ref. 20 and references therein) or in determining 
correlation functions in ultracold gases. In view of the recent signifi- 
cant progress (ref. 20, references therein and refs 27, 28) in coherent 
excitation of Rydberg atoms, it might also be possible to create coher- 
ent superposition states between free and bound atoms. 


METHODS SUMMARY 


The ultracold sample of *’Rb atoms was produced in a loffe—Pritchard trap with 
a magnetic offset field By = 0.8 G, where the atoms are trapped in the ground 
state 55,2, mp=2. At a temperature T=3.5uK and peak density 
ng = 1.5 10°. cm~®, the cigar-shaped cloud had a radial diameter of 28 um 
(1/e”, where e denotes the Euler number). The Rydberg state 51/2 was addressed 
by a two-photon excitation 55)/. > 5p3/2 > ns); using continuous-wave lasers at 
780 nm and 480 nm with a combined linewidth of <1 MHz. The laser power of 
the red laser was 800 nW ina I/e’ diameter of 1 mm and the power of the blue 
laser was 50 mW ina 1/e” diameter of 80 tum, both of which diameters were larger 
than the sample. To avoid resonant scattering, the 780-nm laser was blue- 
detuned (>400 MHz) from the intermediate level 5p3).. The excitation pulse 
had a duration of 3s and was directly followed by field ionization of the 
Rydberg atoms in an electric field of up to 440 Vcm'. The ions were detected 
using a microchannel plate. For the lifetime measurements, the time between 
excitation and field ionization of the Rydberg atoms was varied from 0 1s to up to 
150 is. The temperature and density of the remaining ground-state atoms were 
measured by absorption imaging. Further details regarding the setup can be 
found in ref. 29 and Methods, which also details in full the measurements of 
the lifetime and the Stark effect and the data analysis. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


In general, the experimental sequence was divided in three parts: preparation of 
the cold sample of *’Rb atoms, Rydberg excitation and detection, and absorption 
imaging of the cloud. 

The rubidium atoms were trapped magnetically in the hyperfine state F = 2, 
mp = 2 of the 51/2 state. The cloverleaf trap had a magnetic offset field By = 0.8 G 
and produced a cigar-shaped cloud. Ata temperature T = 3.5 ,K, the sample had 
an extension (1/e” diameter) of 28 jum in the radial direction and one of 380 um 
in the axial direction with a peak atomic density ng = 1.5 X 10'°cm~*. 

In this ultracold sample of °’Rb, atoms were excited to the ns Rydberg state 
through a two-photon excitation, 51/2 5p3/2 > ns12 (34 = n= 40), using two 
continuous-wave lasers with respective wavelengths of 780nm and 480 nm. The 
780-nm laser was blue-detuned (4 > 400 MHz) from the intermediate 53, level to 
avoid resonant scattering and heating of the atoms. The collinear laser beams pro- 
pagated along the axial direction of the atomic cloud, which was also the quantiza- 
tion axis. The polarizations of the beams were o* (780nm) and o (480 nm) in this 
configuration. By choosing the polarizations as described, only the magnetic sub- 
level ms = +1/2 of the Rydberg state was addressed. Both laser beams were signifi- 
cantly larger in diameter than the cloud, to ensure a constant Rabi frequency. The 
red laser had a 1/e” diameter of 1 mm and a power of 0.8 ,\W and the blue laser was 
focused to 80 pum (1/e” diameter) at a power of 50 mW. In all experiments described 
in this Letter, the excitation pulses had a fixed duration of 3 jis. The pulses were 
generated with acousto-optical modulators with rise times of 12 ns; that is, the pulses 
had a rectangular shape. Directly after the excitation, the created Rydberg atoms 
were ionized in an electric field of up to 440 V cm” |. The same field accelerated the 
ions towards a microchannel-plate detector, the current from which was recorded as 
a measure of the total number of Rydberg atoms that were excited. Details of the laser 
system, excitation scheme and detection of the Rydberg atoms are given in ref. 29. 


nature 


Finally, the ground-state atoms were imaged in absorption after a time of 
flight of 20 ms, to determine the temperature and density of the cloud. 
Spectroscopic data. The spectra presented in Fig. 2 are the averages of 15 (over- 
view spectra) and 30 (high-resolution spectra) frequency scans each measured in 
a single atomic sample. After preparing the cloud, the Rydberg excitation and 
detection was carried out up to 60 times while stepwise changes were made to the 
frequency of the red laser. The repetition rate of the Rydberg excitation was 
330 Hz. As every spectrum is the average of scans taken in single clouds, the 
20 errors in Fig. 2 are a measure of the shot-to-shot variation in the Rydberg 
signal. Furthermore, the overview spectra are composed of two frequency ranges 
red- and blue-detuned from the atomic ns resonances. 

For the Stark spectra, the experimental procedure was the same except for the 

additional d.c. electric field that was applied. The spectra shown in Fig. 4 are 
averages of five independent measurements. For each electric field, the line 
positions were determined by a Gaussian fit (white data) and finally fitted to a 
parabola to extract the polarizabilities that describe the quadratic Stark effect for 
the levels. 
Lifetime. As the laser linewidth was larger than the natural linewidths of the 
Rydberg states studied, the lifetime was measured by recording the exponentially 
decreasing Rydberg signal over time after the excitation had occurred. The field- 
ionization pulse was applied at a variable time delay, t, referenced to the optical 
excitation in the experiment. Each measurement was performed for twelve dif- 
ferent values of tranging from 0 Us to 150 [ts. To compensate for variations in the 
Rydberg signal from shot to shot, the experiment was repeated 90 times for every 
tvalue. The statistical 20 errors in the means of this data are 10% for the atomic 
ns resonances and 13% for the molecular *X(5s—ns)(v = 0) ground states. The 
lifetimes given in Table 1 are the results of exponential fits to the mean Rydberg 
signal versus t for the tabulated atomic and molecular states. 
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The carbon balance of terrestrial ecosystems in China 


Shilong Piao’, Jingyun Fang’, Philippe Ciais’, Philippe Peylin’, Yao Huang*, Stephen Sitch? & Tao Wang’ 


Global terrestrial ecosystems absorbed carbon at a rate of 
1-4 Pgyr_' during the 1980s and 1990s, offsetting 10-60 per cent 
of the fossil-fuel emissions’”. The regional patterns and causes of 
terrestrial carbon sources and sinks, however, remain uncertain! ®. 
With increasing scientific and political interest in regional aspects 
of the global carbon cycle, there is a strong impetus to better 
understand the carbon balance of China’’. This is not only 
because China is the world’s most populous country and the lar- 
gest emitter of fossil-fuel CO, into the atmosphere‘, but also 
because it has experienced regionally distinct land-use histories 
and climate trends’, which together control the carbon budget of 
its ecosystems. Here we analyse the current terrestrial carbon bal- 
ance of China and its driving mechanisms during the 1980s and 
1990s using three different methods: biomass and soil carbon 
inventories extrapolated by satellite greenness measurements, 
ecosystem models and atmospheric inversions. The three methods 
produce similar estimates of a net carbon sink in the range of 0.19- 
0.26 Pg carbon (PgC) per year, which is smaller than that in the 
conterminous United States’ but comparable to that in geographic 
Europe’. We find that northeast China is a net source of CO, to the 
atmosphere owing to overharvesting and degradation of forests. 
By contrast, southern China accounts for more than 65 per cent of 
the carbon sink, which can be attributed to regional climate 
change, large-scale plantation programmes active since the 1980s 
and shrub recovery. Shrub recovery is identified as the most uncer- 
tain factor contributing to the carbon sink. Our data and model 
results together indicate that China’s terrestrial ecosystems 
absorbed 28-37 per cent of its cumulated fossil carbon emissions 
during the 1980s and 1990s. 


In parallel with the recent economic boom in China, there has been a 
steep rise in energy demand, sustained by the use of fossil fuels. Fossil- 
fuel CO, emissions have thus climbed from 0.4PgC yr! in 1980 to 
1.5PgCyr | in 2006, making China the largest emitter in the world‘. 
Quantifying the carbon balance of Chinese ecosystems is necessary not 
only to assess the magnitude of the Northern Hemispheric and global 
sinks, but also to define new objectives for the management of terrest- 
rial ecosystems in the context of the global impetus to slow the rate of 
CO, growth. In this study, we use three different methods: sample- 
based biomass and soil carbon inventories combined with remotely 
sensed vegetation greenness index, ecosystem models and atmospheric 
inversions of CO, concentration data (Methods), to assess the carbon 
balance of China during the 1980s and 1990s. 

Forests cover ~ 14% of China. Analysis of the national forest invent- 
ory data (Methods) suggests that forest biomass carbon stock increased 
significantly during the 1980s and 1990s. This translates into a carbon 
sink of 0.058+0.026PgCyr_' during the 1980s and one of 
0.092 + 0.044 PeCyr_' during the 1990s (Table 1). A total amount 
of 1.65+0.76PgC has been sequestered into forest biomass since 
1982. On an area basis, this accumulation of carbon in standing tree 
biomass (57 + 26gCm “yr _') is comparable to the US values (52- 
71gCm “yr ')> but is lower than in Europe (60-150 gCm * yr_')°. 
In addition, bamboos are estimated to have accumulated 
37gCm “yr ' (or 0.001 PgC yr ') during the 1990s’. In comparison 
with that in North America, the impact of forest fires on the Chinese 
forests’ carbon balance is small, with an average emission of 
0.003 PgC yr’ between 1980 and 2000 (ref. 8). 

Shrubland is a widely distributed biome type in China, covering 
~20% of the country. However, information on the carbon balance 


Table 1| Carbon balance estimates of the Chinese terrestrial ecosystems using the different approaches 


Method Category Period Area Carbon balance Ref. 
(10° ha) (TgC yr +) 
Inventory-satellite-based Vegetation Fores 1982-1993 124-132 58.4 + 25.8 9 
estimation 1994-2003 132-143 92.2 + 43.7 9 
Forest ave 7522347 
Shrub 1982-1999 215 21.7+102 This study 
Grassland 1982-1999 331 7.0425 10 
Bamboo 1981-1993 3.5 13209 7 
Subtotal 105.2 + 48.3 
Soil Forest 1982-1999 130 40+4.1 This study 
Shrub 1982-1999 215 39.4+ 9.0 This study 
Grassland 1982-1999 331 6.0 + 1.0 This study 
Crop 1980s, 1990s 120-160 26.0+11 14,15 
Subtotal 75.4 425.1 
Fire Fores 1980-2000 —3.0 8 
Total 177 £734 
Process-based models Vegetation 1980-2002 92 + 74 This study 
Soil 1980-2002 75+ 66 This study 
Total 1980-2002 173239 
Atmospheric inversion 1996-2005 350 + 330 This study 


Cropland has absorbed an additional 13.4 + 0.9 TgC yr_', but we exclude this from an accounting of China's net terrestrial carbon sink because of its short turnover. Positive values indicate carbon 


sinks. 
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of this important biome is very scarce. Across the conterminous 
United States, the ‘encroachment’ of shrubs was estimated to account 
for roughly one-third of the carbon sink’. Our estimation for China, 
relying on in situ biomass and satellite greenness information 
(Methods), indicates that shrubland biomass is a net sink of 
0.022 + 0.01 PgC yr! (10+5gCm “yr '), which is ~30% of the 
forest sink in the 1980s. This estimate is within the range of a previous 
estimation (0.014—0.024 PgC yr’ ')”. 

For cropland’ and grassland’®, respectively, the biomass stocks 
increased by 0.013 PgCyr_' and 0.007 + 0.002 PgC yr” ' during the 
1980s and 1990s. However, carbon incorporated into plants is har- 
vested at least once per year and released back as CO into the atmo- 
sphere through the food web within the year''. This implies that this 
increasing crop biomass does not contribute to a net long-term sink. 

Soils are the largest source of uncertainty in the terrestrial carbon 
balance of China (as well as in other regions of the world), as data 
from repeated inventories is lacking. We have developed an empirical 
regression method for scaling up soil carbon inventory data, and 
estimated spatio-temporal patterns of soil carbon changes 
(Methods). Over forests, shrublands and grasslands, we found a 
net sink in the soil. The largest soil carbon sink is found in shrublands 
(0.039 + 0.009 PgC yr _') and the smallest sink is found in forests 
(0.004 + 0.004 PgC yr_') (Table 1). This surprisingly small soil car- 
bon sequestration in forests results from counterbalancing changes in 
evergreen and deciduous forest soils. Regional data indicate a large 
soil carbon accumulation in the evergreen forests of southern China 
(0.022 + 0.008 PgC yr_') that is nearly offset by a net soil carbon loss 
in northern deciduous forests (0.018 + 0.004 PgC yr_'). Northern 
regions were exposed to a stronger warming trend’ and also experi- 
enced net deforestation’*’’ during the 1980s and 1990s. 

For the soil of croplands, a meta-analysis of data from 132 pub- 
lications involving 23 soil groups and >60,000 soil sample measure- 
ments suggests that the topsoil organic carbon stock has been 
increasing at a rate of 0.015-0.020PgCyr ' (Supplementary 
Information)". The magnitude of this sink is about one-half of the 
previous estimate (0.025-0.037 PgC yr_')'°. From these two esti- 
mates, we took a central value of 0.026 + 0.011 PgCyr |. 

Summarizing the estimates based on repeated carbon-stock 
inventories combined with satellite greenness information, we infer 
an average net carbon sink of 0.177 + 0.073 PgCyr | in Chinese 
terrestrial ecosystems during the 1980s and 1990s. On average, 
58% of this sink lies in the biomass and the rest in soil organic matter 
(Table 1). 

Next we used the results of an ensemble of atmospheric inversions 
to verify results of the inventory-satellite method. Inversions over 
China are poorly constrained by a regionally scarce atmospheric 
network (there are only nine sites in northern Asia). They are also 
sensitive to transport-model errors’® and to biases in the assumed 
fossil-fuel emissions'’. Each inversion in our ensemble solves for 
fluxes on the transport-model grid (200 km; see Methods), which 
minimizes the aggregation bias in regional flux estimations’. 
Although their uncertainties are large on the regional scale, it is 
important to include inversions in an assessment because this 
method provides an independent estimation and encompasses all 
surface sources and sinks of CO;, whereas there is a risk of omitting 
important processes or ecosystems (for example wetlands and urban 
ecosystems) in the inventory method. The mean result of the inver- 
sion ensemble over the period 1996-2005 is a net CO, uptake of 
0.35 PeC yr‘, with a random error returned by the inversions of 
+0.33PgCyr ', an error range of 0.05 PgCyr | corresponding to 
the spread (s.d.) of the ensemble of sensitivity tests in which 
the inversion set-up is varied and an additional error of 
+0.19PgC yr ' due to uncertainty in assumed fossil-fuel emissions 
(Supplementary Information). This estimation is comparable to the 
result of ref. 19 (run ID/version s96_v3.1), in which, with a different 
inverse set-up, a mean carbon sink over China of 0.46 PgC yr_' was 
obtained for the period 1996-2005 (Supplementary Information). 
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The inversion sink of atmospheric CO, in ecosystems 
(Nco, = 0.35 PgC yr!) is twice as large as the inventory-satellite- 
based carbon sink (Nc = 0.177 PgC yr _'). Part of this discrepancy 
can be reconciled when accounting for ‘lateral fluxes’ (LF, Fig. 1a)”°. 
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Figure 1| Carbon balance estimates of terrestrial ecosystems in China. 

a, The link between inventory-satellite-based terrestrial-biosphere carbon 
balance (Nc) and atmospheric inversion modelling estimation (Nco, ). The 
two can be related by Nc = Nco, — LF, where LF (lateral flux) denotes 
processes causing CO, fluxes with the atmosphere that are not accounted for 
by Nc. Lateral fluxes include (1) carbon fixed by photosynthesis but 
returned to the atmosphere by non-CO, compounds, that is, emissions of 
CO, CH, and volatile organic compounds (VOCs); (2) carbon associated 
with the fate of wood and food products; and (3) carbon exported from 
ecosystems by rivers. b, The carbon balance of the Chinese terrestrial 
biosphere estimated by atmospheric inversion modelling, ecosystem models 
and inventory analysis. AA, a carbon sink of 0.350 Pgyr | estimated by 
atmospheric inversions minus a carbon loss of 0.101 PgCyr | in non-CO, 
gaseous compounds (CO, CH, and VOCs) leaves a net carbon sink of 
0.249 PgC yr_'. AB, the net carbon sink in AA plus imported carbon 
(0.012 PgC yr_') through trade of wood and food products produces a total 
carbon sink of 0.261 PgCyr_'. AC, inventory-based estimate 

(0.177 PgC yr” ') plus carbon accumulation (0.009 PgC yr_') in wood 
products generates a total carbon sink of 0.186 PgC yr_'. The black solid and 
dashed lines indicate inversion-model uncertainty corresponding to the 
estimated random error in the spread (s.d.) of an ensemble of sensitivity tests 
(+0.05 PgC yr ') and the inversion procedure (+0.33 PgC yr‘), 
respectively. The dotted line indicates uncertainty in fossil-fuel emission in 
China (20% or +0.19 PgC yr ')*. The blue dashed line shows the prior 
inverse flux (0.04 PgC yr '). The grey horizontal dashed lines indicate the 
range of carbon balance estimated by ecosystem models. A positive value 
indicates a net carbon uptake. The transport of carbon by Chinese rivers to 
the ocean was not counted in LF, because we do not know if this carbon is 
eroded from old soil pools or if it constitutes a fraction of the current CO, 
sink being channelled to rivers (Supplementary Information). 
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We estimate from atmospheric chemistry databases” that anthro- 
pogenic and biogenic emissions of non-CO, compounds over China 
are 0.118 PgC yr '. Roughly 14% of these emissions are converted to 
CO, in the boundary layer”, leaving a corresponding lateral flux of 
0.101 PgCyr_'. We used international trade statistics” to estimate 
that 0.008 PgC yr! of wood products and 0.004 PgC yr ' of food 
products are imported into China and oxidized into an annual CO, 
source of 0.012 Pgyr | (Supplementary Information). The carbon 
balance of domestic wood products, which was not included in the 
inventory method, was also considered*. These wood-product pools 
in China are found to accumulate 0.009 PgC yr_' (Supplementary 
Information). In summary, the atmospheric CO, inversion sink 
(Nco,) is reduced by the lateral fluxes from 0.35PgCyr | to 
0.261 PgC yr’, which corresponds to carbon sinks in ecosystems 
(Fig. 1b). 

Finally, we used results from five process-based ecosystem mod- 
els” to quantify the effect of changes in CO, and climate on the 
carbon balance of China (Methods). Despite differences in their set- 
tings and parameters, the five models consistently locate a net carbon 
sink over China between 1980 and 2002, ranging from 0.13 PgC yr! 
to 0.22 PgC yr | with an average of 0.173 + 0.039 PgC yr’ '. In good 
agreement with the inventory-satellite-based mean sink apportion- 
ment, the models partition the sink to be mostly in biomass (~53%) 
and otherwise in soils (Table 1). The fact that the carbon sink pro- 
duced by models is close to the inventory-—satellite-based estimation, 
even though models do not account for land-use changes in their 
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settings, tentatively suggests that climate and CO, are important 
drivers that can explain the entire observed sink magnitude, or that 
land-use effects of regionally opposite sign compensate each other on 
the scale of countries and result in a small net contribution of land- 
use change. These two hypotheses call for a more in-depth regional 
analysis, given below. 

Figure 2 provides carbon balance estimations on the scale of large 
regions in China. On this scale, the inversion fluxes are associated 
with large random errors with regional differences partly controlled 
by the prior flux setting and the uncertainties in assumed fossil-fuel 
emissions. The regions with the largest carbon sinks are southwest 
China (0.048 PgC yr ', or 43gCm “yr '; Fig. 2i) and southeast 
China (0.044 PgC yr ', or 67gCm “yr '; Fig. 2g), which respect- 
ively account for 22% and 20% of the total country area. Analysis of 
the five ecosystem models’ output suggests that up to 77% and 71% 
of the respective sinks in these two regions can be explained by 
climate change and rising atmospheric CO). In northeast China 
(Fig. 2a), both inventory-satellite-based fluxes (0.003 PgCyr_') 
and inversions (0.005 PgC yr_') show a small source, whereas the 
five ecosystem models driven by rising CO, and climate imply a sink 
(0.018 PgC yr_'). From these differences, we tentatively deduce that 
0.021-0.023 PgC must be lost annually by overharvesting and degra- 
dation of forests'’, which is close to a previous estimate of 
0.027 PgCyr_' (ref. 12). The inversion method and the inventory-— 
satellite method show large discrepancies over north China (Fig. 1d). 
In this region, ~60% of the land area is cropland. The larger sink 
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Figure 2 | Carbon balance in the nine regions of China. a, Northeast China; 
b, Inner Mongolia; c, northwest China; d, North China; e, central China; 

f, Tibetan plateau; g, southeast China; h, South China; i, southwest China. 
Estimates from atmospheric inversion modelling have been adjusted by the 
spatial patterns of carbon losses in non-CO, gaseous compounds (CO, CH4 
and VOCs); other parts of lateral carbon fluxes have not been considered, 
owing to lack of information about their spatial patterns. In addition, owing 
to lack of information about the magnitude of the regional agriculture soil 
carbon sink, we simply calculate it as the product of the total agricultural soil 
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carbon sink for China and the fraction of the whole country corresponding 
to regional area in agriculture. The black solid and dashed lines indicate 
inversion modelling uncertainty corresponding to the estimated random 
error in the spread (s.d.) of an ensemble of sensitivity tests and the inversion 
procedure, respectively. The dotted lines indicate the difference in fossil-fuel 
emissions between this study and ref. 31, and begin at zero. The blue dashed 
lines show the prior inverse flux. A positive value indicates a net carbon 
uptake. On this scale, the inverse estimates also rely on the a priori spatial 
distribution of the carbon fluxes. 
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deduced by inversion may in fact reflect atmospheric CO; fixed by 
crop plants, the pertaining biomass being harvested and moved away 
from that region by trade circuits". 

Several factors can account for the carbon-sink spatial distribution 
inferred above. First, summer precipitation in China has significantly 
increased, which may have benefited vegetation growth”. Second, 
large-scale reforestation and afforestation programmes have been 
active since the 1980s, which makes China the greatest acreage with 
plantations, constituting about one-quarter of the global plantation 
area”. These plantations resulted in an increase of forest biomass 
carbon stocks*®. For example, in the southern regions (Fig. 2e, g, 
h), afforestation and reforestation programmes are one of the main 
causes of regional carbon uptake. Because none of the ecosystem 
models take into account the effects of such land-use changes, the 
model-simulated carbon sink is consistently 25% less than estimates 
derived from the inventory-satellite method, and is 42% less than the 
atmospheric inversion sink. 

Third, changes in energy production systems in rural areas and 
movement of rural population to cities have decreased the collection 
of fuel wood, accelerating the recovery of shrublands. In the past 30 
years, firewood, charcoal, and crop straw that had been used as major 
energy supplies in most rural areas have been steadily replaced by the 
use of fossil fuel (mainly coal). This transition, which increased fossil- 
fuel emissions while decreasing the reliance on biotic fuels™*, may be 
one cause of the inferred shrubland carbon accumulation, although 
this sink is the most uncertain component of the entire Chinese 
carbon balance. 

Finally, crop production increased markedly between 1950 and 
1999 (ref. 27), which augmented the amount of residue and root 
input to the soil. Before the 1980s, crop residues were used as a source 
of fuel in rural areas, but this practice has strongly decreased”*. Recent 
trends in agricultural practice throughout China give evidence for a 
decreasing removal of crop residues and an expansion of reduced 
and zero tillage, which are likely to cause an increase in carbon 
sequestration’*’». 

In conclusion, terrestrial ecosystems in China are found to be a net 
sink of 0.19-0.26 PgC yr_' during the 1980s and 1990s (Figs 1 and 3). 
This sink is less than that of 0.30-0.58 PgC yr_' in the conterminous 
United States’ but is comparable to that of 0.14-0.21 PgCyr | in 
geographic Europe°”® (Fig. 3). On an area basis, the sink magnitude 
in China (20-27gCm yr!) is similar to that in Europe (16— 
24eCm “yr ') but lower than that in the United States (33- 
63gCm “yr ') (Fig. 3). Fossil-fuel use in China produced cumulative 
emissions of 14.1 PgC into the atmosphere between 1980 and 2000 (ref. 
29). Our data suggest that ~28-37% of China’s CO, emissions from 
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Figure 3 | Terrestrial-biosphere carbon sink and its density in China, 
compared with those in geographic Europe and the conterminous United 
States. The carbon sinks of geographic Europe and the conterminous 
United States are based on refs 6 and 5, respectively. The error bars for China 
and geographic Europe are based on the mean atmosphere-based estimate 
(top) and the mean land-based estimate (bottom), and those for the 
conterminous United States are based on the upper and lower limits of the 
carbon sink estimated in ref. 5. 
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burning fossil fuels have been removed by carbon accumulation in its 
terrestrial biosphere, which is comparable to the United States (20- 
40%)*° but larger than in Europe (12%)*. Despite net carbon sequest- 
ration due to increased afforestation and vegetation restoration, the 
percentage of fossil-fuel CO, emissions offset by terrestrial ecosystems 
will decrease in the future because of the dramatic acceleration in 
emissions driven by economic growth. Also, uncertainty in fossil-fuel 
emission is by far the dominant factor in the uncertainty in the overall 
Chinese carbon balance. Future trends in emissions and sinks will be of 
great international concern and a big challenge for China will be to take 
action to reduce its carbon emissions in the future. 


METHODS SUMMARY 


The inventory-satellite method of estimating carbon-stock changes is based ona 
large data set of field measurements and extensive forest and soil inventories 
combined with remote-sensing greenness index trends during the 1980s and the 
1990s. Results from the inventory-satellite method are verified by atmospheric 
inversions that use CO, concentration measurements and rough first-guess 
information about the flux seasonality. Then the outputs of five ecosystem 
models are analysed to attribute the potential contribution of rising CO con- 
centrations and climate change to the observed regional carbon sources and 
sinks, including to the carbon storage apportionment between live biomass 
and soil organic matter pools. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Inventory-satellite-based estimation. We used repeated and extensive invent- 
ories for forest, and field measurements combined with remote-sensing informa- 
tion for shrubland, to estimate the trends in carbon stocks. For forest, we 
analysed individual data from the National Forest Resource Inventory, collected 
from ~200,000 permanent and temporary sample plots from 1977-2003 (refs 
26, 32). Specific expansion factors were applied to each forest type to convert tree 
volume to total biomass (Supplementary Information). For shrubland, we esti- 
mated the change in living biomass carbon stocks on the basis of an empirical 
regression of shrub biomass data from 34 sites against the normalized difference 
vegetation index (NDVI) data from the NOAA-AVHRR satellites*?** 
(Supplementary Information). Likewise, using data from the national grassland 
resource survey*’ and crop yield census**, combined with NDVI data, we esti- 
mated changes in the biomass of grasslands and croplands (Supplementary 
Information). 

To quantify changes in soil organic carbon (SOC) over the past two decades, 
we developed an approach for estimating soil carbon storage of different eco- 
systems by integrating climate data (temperature and precipitation)*’, NDVI 
data and ground-based soil inventories data from 2,473 soil profiles collected 
during 1979-1985 by the national soil carbon survey (Supplementary 
Information). The underlying assumption is that trends in litter input can be 
inferred from trends in NDVI, and that changes in decomposition of SOC are 
driven by temperature and precipitation. To estimate the SOC changes in agri- 
cultural soils, we performed a meta-analysis on data from 132 publications 
encompassing 23 soil groups and >60,000 soil sample measurements 
(Supplementary Table 5)". 

Atmospheric inversions. On the basis of observed atmospheric CO, gradients 
and the integrating power of atmospheric transport, inversions provide estima- 
tion of the net land—atmosphere CO) exchange, including fossil CO, fluxes and 
other land CO fluxes. Until recently, inversions solved for flux at coarse reso- 
lution, typically ~ 10-15 land regions over the globe. At such coarse resolution, 
the estimate of China’s carbon balance is hampered by uncertainty in the 
assumed first-guess flux error covariance”. Recent developments of inversions 
with fluxes solved at the spatial resolution of the transport-model grid (100- 
300 km) provide better insights into regional CO) fluxes'*”°. The lack of stations 
near China (Supplementary Fig. 2) and the difficulties transport models have 
representing continental stations are two limitations of the performance of this 
method. Because inversions solve for the net CO, flux, the inferred ecosystem 
CO, flux depends on the assumed fossil CO2 emissions (these errors in emissions 
translated into errors in ecosystem fluxes shown in Figs 1b and 2). Monthly net 
CO) fluxes were inverted using 75 atmospheric stations and the LMDz global 
transport model, using the first-guess flux magnitude and error covariance from 
an ecosystem model, following the methodology described in ref. 18 and 
Supplementary Information. 

Ecosystem modelling estimates. We processed the results of five global ecosys- 
tem models” to quantify the effect of CO2 and climate change on the carbon 
balance of China. These five models are the HyLand (HYL) model"', the LPJ 
model”, the ORCHIDEE model”, Sheffield-DGVM“ and TRIFFID*. All mod- 
els describe the surface fluxes of CO, water and the dynamics of water and 
carbon pools in response to climate change and rising atmospheric CO? con- 
centration. However, the formulation (and number) of processes primarily 
responsible for this exchange differ among models (Supplementary 
Information). In comparison with inventory measurements, ecosystem models 
have the advantage of calculating soil carbon and biomass changes in a consistent 
way, by scaling up processes with spatially explicit data on climate, vegetation 
and soil types. However, we did not include these model results as a way of 
providing ‘best estimates’ of the carbon balance because none of the models 
explicitly considers changes in land use and land management. Instead, we 
exploited the model results (1) to deliver an independent check of the above- 
versus below-ground sink partitioning and (2) to isolate the impacts of rising 
CO, concentrations and climate versus land use and management on the 
regional scale. 

Each model was initialized using a pre-industrial mean monthly climatology 
derived from the CRU data set*® and an atmospheric CO, concentration of 
296 p.p.m., until carbon pools reached steady-state equilibrium. They were then 
run to 2002 with transient climate forcing’® and historical atmospheric CO 
concentration data’’. We note that none of the models were driven by the 
satellite-derived NDVI data; thus, their results can be considered to be inde- 
pendent of the data-oriented method based on inventory and satellites. 
Uncertainty analysis. Uncertainties in the results of the inventory-satellite 
method (except the crop soil carbon sink) were estimated on the basis of repeated 
measurements of permanent sample plots or the residual (or fitting) error of 
regression. For the forest biomass carbon-stock estimation, three major error 
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sources (sampling, measurement and regression errors) were recognized**”°. 
Among these sources, most of the propagated error is due to sampling error 
in sample plot selection. Similar to the approach of ref. 50, we calculated the 
national sampling errors in estimating the growing-stock volume change of 
China’s forests during the 1980s and 1990s to be 41.2% and 44.5% (two standard 
errors, or the approximate 95% confidence interval; for details, see 
Supplementary Table 2), respectively, which are quite close to the estimate of 
39.6% for eastern US forests*®. In addition, the error caused by converting 
growing-stock volume into biomass carbon stock was estimated at ~3% at the 
national level°'. Therefore, the absolute uncertainties in estimating the forest 
carbon sink for the two decades are 25.8TgC yr | (out of 58.4TgCyr_') and 
43.7 TgCyr ' (out of 92.2TgCyr_'), respectively (Table 1). 

The uncertainties of the ecosystem models, reflected by their use of different 
parameterizations of ecosystem processes, are expressed as 1 s.d. of five different 
model results (Table 1). The uncertainties in the inversion-model-derived means 
of China’s carbon fluxes were based on the estimated random error in the 
inversion procedure, the spread (s.d.) of an ensemble of sensitivity tests and 
the systematic error due to assumed fossil-fuel emissions**’ (see Figs 1b and 2 
and Supplementary Information). The random error describes the degree to 
which the estimated fluxes are constrained by the atmospheric measurements, 
and the spread indicates the contribution of different prior assumptions to the 
range of flux estimates (in this study we do not consider potential biases of the 
transport model). 

The source data and methods are described in detail in the Supplementary 
Information. 
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Plant photosynthesis tends to increase with irradiance. However, 
recent theoretical and observational studies have demonstrated 
that photosynthesis is also more efficient under diffuse light 
conditions’. Changes in cloud cover or atmospheric aerosol load- 
ings, arising from either volcanic or anthropogenic emissions, 
alter both the total photosynthetically active radiation reaching 
the surface and the fraction of this radiation that is diffuse, with 
uncertain overall effects on global plant productivity and the land 
carbon sink. Here we estimate the impact of variations in diffuse 
fraction on the land carbon sink using a global model modified to 
account for the effects of variations in both direct and diffuse 
radiation on canopy photosynthesis. We estimate that variations 
in diffuse fraction, associated largely with the ‘global dimming’ 
period®*, enhanced the land carbon sink by approximately one- 
quarter between 1960 and 1999. However, under a climate mitiga- 
tion scenario for the twenty-first century in which sulphate 
aerosols decline before atmospheric CO, is stabilized, this 
‘diffuse-radiation’ fertilization effect declines rapidly to near zero 
by the end of the twenty-first century. 

The solar radiation reaching the Earth’s surface is the primary driver 
of plant photosynthesis. Leaf photosynthesis increases nonlinearly with 
incident photosynthetically active radiation (PAR), saturating at light 
levels that are often exceeded on bright days during the growing season 
(Fig. 1). Under clear-sky conditions, a fraction of the plant canopy is 
illuminated by direct solar radiation consisting of bright ‘sunflecks’, 
with the remaining portion of the canopy being in the shade. The sunlit 
fraction of the canopy has leaves that are often light saturated and 
therefore have low light-use efficiency, whereas leaves in the shade 
are more light-use efficient but suffer from a lower exposure to incom- 
ing radiation. In contrast, under cloudy or aerosol-laden skies, sunlight 
is more scattered and incoming radiation is more diffuse, producing a 
more uniform irradiance of the canopy with a smaller fraction of the 
canopy likely to be light saturated. As a result, canopy photosynthesis 
tends to be significantly more light-use efficient under diffuse sunlight 
than under direct sunlight®. Hence, the net effect on photosynthesis of 
radiation changes associated with an increase in clouds or scattering 
aerosols depends on a balance between the reduction in total PAR 
(which tends to reduce photosynthesis) and the increase in the diffuse 
fraction of the PAR (which tends to increase photosynthesis). 
Although some global climate/carbon-cycle models include the effects 
of atmospheric aerosols on total irradiance and surface temperature 
(see, for example, ref. 9), none has accounted for the effects of clouds 
and aerosols on the land carbon sink through changes in the diffuse 
fraction of radiation. 

To account for the effects of diffuse radiation on canopy photosyn- 
thesis, we modified the JULES land-surface scheme used in the 
Hadley Centre climate models’®. JULES includes a multilayer 


approach to scale photosynthesis from the leaf to the canopy. In this 
study, we also separated each canopy layer into sunlit and shaded 
regions''. Figure 1 shows a comparison of the simulated light 
response of the gross primary productivity (GPP) with measure- 
ments inferred from the eddy correlation technique under direct 
and diffuse irradiance conditions within a broadleaf temperate 
forest’? and a needleleaf temperate forest'*. The modified JULES 
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Figure 1| JULES model evaluation against observations. Observed and 
modelled light response of the GPP to both direct and diffuse PAR (open 
triangles and filled circles, respectively) averaged over bins of 200 pmol 
quanta per square metre per second: a, broadleaf forest site; b, needleleaf 
forest site. For the purposes of this validation, data points are split into 
‘diffuse’ and ‘direct’ conditions, using diffuse fractions of greater than 80% 
and less than 25% to discriminate between these two cases. Measurements 
inferred from eddy correlation are given in black (error bars, 1 s.d.), and 
simulations are given in pink (Methods). 
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model can reproduce the different light-response curves under 
diffuse and direct radiation within the error bars of the observations. 
A sensitivity analysis carried out for the broadleaf forest shows that 
the simulated GPP reaches a maximum at a diffuse fraction of 0.4, 
after which it decreases owing to a reduction in total PAR (Supplem- 
entary Fig. 1). The existence of such an optimum is in agreement with 
a previous modelling study for the same site'*. 

We performed multiple global simulations with JULES for the 
period 1901-2100 to assess the impact of changing diffuse radiation 
on the global land carbon sink. For 1901-1999, we used an observed 
monthly climatology of the main climate variables'’, except direct and 
diffuse total shortwave and PAR fluxes, which were reconstructed 
using radiative-transfer calculations. The reconstruction takes into 
account the scattering and absorption of solar radiation by tro- 
pospheric aerosols as simulated by the Hadley Centre Global 
Environmental Model (version HadGEM2-A)'*, a climatology of 
stratospheric aerosols'’ and a cloudiness data set’? (Methods). For 
2000-2100, we prescribed varying atmospheric CO, concentrations 
and monthly fields of anthropogenic aerosols, following an Inter- 
governmental Panel on Climate Change SRES A1B scenario modified 
to stabilise at 450 p.p.m.v of CO; equivalent (ENSEMBLES A1B- 
450)'®. In this scenario, the diffuse fraction increases during the second 
half of the twentieth century and then decreases during the twenty-first 
century owing to correspondingly increasing and decreasing anthro- 
pogenic aerosols emissions. The uncertain effects of future changes in 
climate were not considered, to isolate the diffuse-radiation effect. 

Aerosols also have indirect effects on the total PAR through their 
modification of cloud properties, although these effects are more 
uncertain’. To provide an upper estimate of the impact of the first 
indirect effect (that of aerosols on cloud albedo) on the land bio- 
sphere’, we assume an absolute reduction in below-cloud PAR equal 
to the absolute reduction in clear-sky PAR due to aerosols”. A ‘fixed- 
diffuse-fraction’ control simulation was performed by prescribing 
the mean diffuse fraction for each grid box and month, based on 
our reconstruction of the period 1901-1910. The remaining climato- 
logical variables in this simulation (including the total PAR) varied as 
in the first simulation, enabling us to isolate the effect of the varying 
diffuse fraction as the difference between these two model runs. (See 
Methods and Supplementary Information for a description of other 
sensitivity tests performed.) 

The eruption of Mount Pinatubo, in the Philippines, in 1991 
provided a natural test of the impact of a large increase in stra- 
tospheric aerosol loading on the land carbon cycle. The main climatic 
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consequences of the eruption were a cooling of the surface, due to 
scattering aerosols, and an anomalously low growth rate of the atmo- 
spheric CO, concentration in both 1992 and 1993, due to an 
enhanced terrestrial carbon sink*'*. Several explanations have been 
proposed to explain this anomalous land sink, including suppression 
of plant and heterotrophic respiration during the relatively cool 
summers~*** and enhanced canopy photosynthesis as a result of the 
post-Pinatubo increase in diffuse fraction®’. However, the relative 
contributions of these processes during the post-Pinatubo years of 
1992 and 1993, and their spatial distribution, remain uncertain. 

JULES simulates anomalous land carbon sinks of 1.13 and 
1.53 PgCyr_| (petagrams of carbon per year) during 1992 and 1993, 
respectively, in general agreement with the land flux inferred from 
observations” (Fig. 2). Our model suggests a major contribution of 
diffuse radiation to the land sink anomaly in 1992 of 1.18 PgC yr_', but 
a much smaller contribution in 1993 of 0.04PgCyr | (red wedge, 
Fig. 2a). Carbon sink anomalies of 1.05PgCyr | and 0.92 PgCyr_! 
are associated with the anomalously cool air temperatures in 1992 and 
1993 (anomalies of —0.33K and —0.21K), which act to suppress 
heterotrophic respiration (for further details, see Supplementary 
Figs 2-5). 

A decrease in total solar radiation®*, termed global dimming, was 
observed at the Earth’s surface during the 1950-1980 period. This 
decrease is consistent with the impacts of anthropogenic aerosols on 
cloud properties, water vapour and cloud feedbacks due to global 
warming”. Increases in cloud thickness, cloud cover and scattering 
aerosols enhance the diffuse component of the radiation reaching the 
surface, whereas increasing concentrations of absorbing aerosols can 
have the opposite effect’’. As a result, observed trends in diffuse 
radiation are not as coherent as those in total radiation during the 
dimming period**°. Since the 1980s, industrialised regions of the 
Northern Hemisphere appear to have ‘brightened’*. This has been 
associated with reduced anthropogenic emissions of aerosol precur- 
sors (especially sulphur dioxide) in these regions. 

Figure 3a shows changes in the diffuse fraction of the PAR as 
reconstructed using cloud cover’’ and aerosol distributions. The 
simulated total shortwave radiation and diffuse fraction compare 
well with ground-based radiation measurements (Supplementary 
Figs 6 and 7). The contribution of variations in diffuse fraction to 
the simulated land carbon sink becomes important after 1950 
(Fig. 3b). This contribution increases during the global dimming 
period (1960-1980), when it adds 0.44PgCyr | to the mean land 
carbon sink, and lessens during the subsequent brightening period 
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Figure 2 | Net ecosystem exchange (NEE) and net primary productivity 
(NPP). a, Inferred NEE values (derived from atmospheric CO 
measurements” and simulated ocean flux**) are shown by the green line. 
Also presented are simulated global detrended flux anomalies of NEE (black) 
under varying (continuous line) and fixed (dashed line) diffuse fraction. The 
red shaded area corresponds to the contribution of the varying diffuse 
fraction to simulated NEE, calculated as the difference between the fluxes 
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simulated under conditions of varying and fixed diffuse fraction. NEE is 
defined as the difference between net primary productivity (NPP) and 
heterotrophic respiration. Vertical lines correspond to the timing of the El 
Chichon (Mexico) and Pinatubo volcanic eruptions, respectively. 

b, Simulated NPP values for varying (continuous line) and fixed (dashed 
line) diffuse fraction, with the red shaded area again corresponding to the 
contribution of varying diffuse irradiance to simulated NPP. 
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Figure 3 | Impact of changes in diffuse fraction on the land carbon sink 
during the twentieth century. a, Simulated global mean annual diffuse 
fraction of the PAR, based on aerosol optical depth from volcanic’’ and 
anthropogenic sources, as simulated by HadGEM2-A, and observed Climate 
Research Unit cloudiness’. b, Simulated contribution of diffuse fraction to 
simulated land NEE (red), calculated as the difference between simulated 


(1980-1999), when it contributes a mean of 0.3 PgC yr, as a result 
of decreasing diffuse fraction. 

The HadGEM2-A reconstruction suggests geographically varying 
changes in diffuse fraction of —20% to 30% between 1950 and 1980 
(Fig. 3c). The corresponding impact on the regional land sink is 
estimated to be large, reaching up to 30gCm “yr ' across 
Europe, the eastern United States, East Asia and some tropical 
regions in Africa (Fig. 3d). By contrast, during the brightening period 
1980-1999 (Supplementary Fig. 8), the HadGEM2-A reconstruction 
suggests a reduction in diffuse fraction over Europe, the eastern 
United States, Western Australia and some regions of Russia and 
China, leading to a reduction in the regional contribution of the 
diffuse fraction to the total land carbon accumulation during this 
period. Overall, these results suggest that increases in diffuse fraction 
have enhanced the global land carbon sink by 23.7% between 1960 
and 1999 (Fig. 4b). As shown in Supplementary Fig. 9, the contribu- 
tions of diffuse fraction to the land sink are of similar magnitude to 
the net contributions of variations in temperature and precipitation 
during this period. 

Neglecting diffuse-radiation fertilization, as in the current genera- 
tion of global models, we estimate that reductions in total PAR would 
have caused a — 14.4% change in the mean land carbon sink. Instead, 
we model a net enhancement of the land carbon sink by overall 
(diffuse and direct) radiation changes of +9.3%, as diffuse-radiation 
fertilization overwhelms global dimming (see Supplementary Fig. 10 
for regional contributions to the GPP). Contrary to the results of 
current global models, it therefore seems that anthropogenic aerosols 
have enhanced land carbon uptake during this period, despite sig- 
nificant reductions in total PAR. Fully coupled Earth-system-model 
simulations are now required to confirm this result when accounting 
for the effects of short-timescale variability in atmospheric aerosol 
loading. 

To project these results into the twenty-first century, the environ- 
mentally friendly emissions scenario mentioned above (ENSEMBLES 
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NEE under varying diffuse fraction (black, total NEE) minus simulated NEE 
under constant diffuse fraction (not shown) and simulated contribution of 
the total PAR to simulated land NEE (green). ¢, Simulated percentage change 
(colour scale) in diffuse fraction between 1950 and 1980. d, Simulated 
change (colour scale, grams carbon per square metre per year) in diffuse- 
fraction contribution to land carbon accumulation between 1950 and 1980. 
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Figure 4 | Historical and twenty-first-century projections (according to the 
ENSEMBLES A1B-450 stabilization scenario). a, Prescribed atmospheric 
CO, (black) and aerosol optical depth (red). b, Simulated contribution of 
diffuse-fraction variations (red) to the cumulative land carbon sink (black) 
during the 1900-2100 period. In this scenario, future climate change for the 
twenty-first century was not considered, and climate variables, including 
cloud cover, were taken to be fixed at their 1999 values throughout the 
simulation of the twenty-first century. 
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A1B-450) was assumed, in which total greenhouse gas concentrations 
stabilize at 450p.p.m.v. CO, equivalent and sulphate and black- 
carbon aerosol emissions decline rapidly. In this scenario, atmospheric 
CO, peaks at 435 p.p.m.v. around 2050 before declining steadily to 
reach 421 p.p.m.v. by 2100. The total aerosol optical depth (AOD) 
declines steeply from its 2000 maximum of 0.12 and levels off at 0.10 
by 2050 (Fig. 4a). Asa result, the HadGEM2-A reconstruction suggests 
a rapid reduction in the diffuse fraction of the PAR, which leads to a 
rapid decline in the contribution of diffuse radiation to the land carbon 
sink. By 2100, diffuse-radiation fertilization is lost (Fig. 4b). We 
conclude that steeper cuts in fossil-fuel emissions will be required to 
stabilize the climate if anthropogenic aerosols decline as expected. 


METHODS SUMMARY 


This study uses the JULES land-surface scheme’’, which takes into account 
variations in direct and diffuse radiation on sunlit and shaded canopy photosyn- 
thesis. We added a description of sunfleck penetration through the canopy" and 
separated each layer of the canopy into sunlit and shaded regions. In this way, 
photosynthesis of sunlit and shaded leaves was calculated separately under the 
assumption that shaded leaves receive only diffuse light and sunlit leaves receive 
both diffuse and direct radiation. 

We obtained the geographical distributions of the downward direct and diffuse 
radiative fluxes throughout the twentieth and twenty-first centuries by coupling 
distributions of clouds and aerosols (tropospheric and stratospheric'’) using 
look-up tables of radiative-transfer calculations. Distributions of AOD at 
0.55 jum for six tropospheric aerosol species for the twentieth century were taken 
from simulations of HadGEM2-A, the atmospheric version of the latest Hadley 
Centre Global Environmental Model. AOD distributions for sulphate and black 
carbon in the twenty-first century were obtained by scaling the distributions for 
the year 2000 according to changes in ammonium sulphate burden obtained using 
the ENSEMBLES A1B-450 scenario relying on the A1B storyline and the meth- 
odology from ref. 18. We left the four other tropospheric aerosol species, and 
stratospheric aerosols, unchanged at their 2000 levels because their future evolu- 
tions are uncertain. 

This study uses the 0.5° resolution observed monthly climatology from ref. 15. 
All monthly data were regridded onto a 2.5° X 3.75° grid and disaggregated to 
hourly data. We did not consider future climate change for the twenty-first 
century, and climate variables, including cloud cover, were taken as fixed at their 
year 1999 values throughout the simulation of the twenty-first century. 

Percentage changes in the land carbon sink were calculated relative to our 
fixed-diffuse-fraction control simulation. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Shortwave and PAR fields. Geographical distributions of the downward direct 
and diffuse radiative fluxes throughout the twentieth and twenty-first centuries 
were obtained using look-up tables of radiative-transfer calculations driven by 
distributions of clouds and aerosols. Aerosol distributions were simulated using 
the atmospheric component of the Hadley Centre Global Environmental Model 
version 2 (HadGEM2-A)'®, which includes six tropospheric aerosol species (sul- 
phate, black carbon, mineral dust, sea salt and biomass burning). Model evalu- 
ation against ground-based Sun-photometer measurements shows model 
underestimation of AOD over Europe and North America in winter and 
northwestern Africa during mineral-dust and biomass-burning events. 
However, simulations are good during summer and throughout the year in 
Asia, southern Africa, and South America’®. 

Changes in AOD throughout the twentieth century were obtained by varying 
emissions of aerosols and their precursors. Distributions of tropospheric aerosol 
optical depths for the six aerosol species were provided at a resolution of 1.25° 
latitude by 1.875° longitude as monthly means every ten years between 1900 and 
1980, and every five years between 1980 and 2000. Monthly distributions for the 
years between were linearly interpolated from the modelled distributions. 
Distributions of stratospheric aerosols from the twentieth century were taken 
as zonal means from ref. 17. 

AOD distributions for sulphate and black carbon in the twenty-first century 

were obtained by scaling the distributions for the year 2000 according to changes 
in the ammonium sulphate burden simulated by a chemistry—climate model 
using the ENSEMBLES A1B-450 scenario relying on the A1B storyline and the 
methodology from ref. 18. The four other tropospheric aerosol species, and 
stratospheric aerosols, were left unchanged at their 2000 levels, as their future 
evolution is uncertain. 
Radiative-transfer calculations. Downward direct and diffuse radiative fluxes 
were obtained independently for the clear-sky (cloud-free) and cloudy part of 
each grid box. These fluxes were pre-computed and stored in look-up tables for 
the shortwave (0.28—4.0-11m) and PAR (0.40—0.69-j1m) spectra. 

Under clear-sky conditions, downward direct and diffuse radiative fluxes 
depend on the solar zenith angle, the type and optical depth of the tropospheric 
aerosol and the optical depth of the stratospheric aerosol. Aerosol phase function 
and scattering and absorption coefficients were computed for all aerosol species at 
24 wavelengths using Mie calculations. The computed aerosol optical properties 
were used in a discrete-ordinate solver’! to obtain radiative fluxes. Tropospheric 
aerosols were assumed to be homogeneously distributed across the lowest 
kilometre of the atmosphere; stratospheric aerosols reside in a homogeneous layer 
between 15 and 20 km above ground. 

Under cloudy-sky conditions, the cloud type and optical thickness were not 
given by the Climate Research Unit (CRU) data set’*. The only characterization 
of clouds in the CRU data set is their fractional cover, which contains little 
information useful in determining downward shortwave and PAR fluxes. 
To circumvent this issue, quadratic relationships between cloud cover and 
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atmospheric transmission were derived from simulations using HadGEM2-A 
over each continent, on a monthly basis. Here the atmospheric transmission is 
the ratio between the downward shortwave flux at the surface and the incoming 
shortwave flux at the top of the atmosphere. Using this ratio, the diurnal cycle of 
incoming shortwave flux was imposed on the downward flux at the surface. 
These relationships thus provided a means of reproducing the monthly averaged 
downward flux simulated by the climate model but using the observed CRU 
cloud-cover data set as an input. The downward flux in the cloudy fraction of a 
grid box was assumed to be purely diffuse, which is a good approximation except 
at very low cloud optical depth. Fluxes in the PAR spectral bands were obtained 
by assuming that cloud extinction was constant throughout the shortwave spec- 
trum. Under this assumption, PAR fluxes are 41% of shortwave fluxes. A com- 
parison of simulated total shortwave flux and diffuse fraction with ground-based 
observations (Supplementary Figs 6 and 7) allowed us to adjust the cloudy-sky 
flux look-up table, with a reduction of 25% of the fluxes to retain the set of 
parameters that fit best the observed fluxes. 

The clear-sky flux in a given grid box at a given time and date was obtained from 

the look-up table record corresponding to the current solar zenith angle, and 
tropospheric and stratospheric aerosol optical depths. As the look-up tables did 
not include combinations of different tropospheric aerosol types, the whole tro- 
pospheric column was assumed to have the optical properties of the dominant 
aerosol. Look-up table fluxes were linearly interpolated in solar zenith angle and 
tropospheric aerosol optical depth. The reconstructed clear-sky surface fluxes 
compared very well with those computed using HadGEM2-A. The cloudy-sky 
flux was derived from the value of the cloud cover in the grid box, and the solar 
zenith angle determined the incoming solar radiation. Finally, cloudy- and clear- 
sky fluxes were weighted by the cloud cover and the clear-sky fractions, respect- 
ively, to obtain the grid-box-averaged downward direct and diffuse fluxes in the 
shortwave and PAR spectra. 
JULES evaluation at single sites. Evaluation of JULES was carried out using 
hourly values of eddy correlation flux data and meteorology from two German 
sites, a temperate broadleaf forest site (Hainich)'* and a temperate needleleaf 
forest site (Wetzstein)'*, during the summer. Meteorological forcing and diffuse 
radiation measured in parallel with the eddy correlation fluxes were used to force 
the model. To evaluate the global model at individual flux sites, we calibrated 
model parameters to fit local ecological conditions. In particular, the model 
parameter that represents the maximum photosynthetic capacity, Vinax» Was set 
at 60 and 40 fmol m~*s_' for the broadleaf and needleleaf sites, respectively. The 
corresponding values used in the global model were 32 and 24umolm~*s'. 

Vegetation cover was updated using the TRIFFID dynamic global vegetation 
model, which includes a rudimentary model of leaf phenology based on growing 
degree days. Changes in land use were neglected; instead, a fixed land-use mask 
was prescribed to account for present-day crop and pasture lands. 


31. Key, J.R. & Schweiger, A. J. Tools for atmospheric radiative transfer: Streamer and 
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The architecture of mutualistic networks minimizes 
competition and increases biodiversity 


Ugo Bastolla’, Miguel A. Fortuna*, Alberto Pascual-Garcia’, Antonio Ferrera’, Bartolo Luque’ & Jordi Bascompte* 


The main theories of biodiversity either neglect species interac- 
tions” or assume that species interact randomly with each other**. 
However, recent empirical work has revealed that ecological 
networks are highly structured*’, and the lack of a theory that 
takes into account the structure of interactions precludes further 
assessment of the implications of such network patterns for bio- 
diversity. Here we use a combination of analytical and empirical 
approaches to quantify the influence of network architecture on 
the number of coexisting species. As a case study we consider 
mutualistic networks between plants and their animal pollinators 
or seed dispersers”*"''. These networks have been found to be 
highly nested’, with the more specialist species interacting only 
with proper subsets of the species that interact with the more 
generalist. We show that nestedness reduces effective interspecific 
competition and enhances the number of coexisting species. 
Furthermore, we show that a nested network will naturally emerge 
if new species are more likely to enter the community where they 
have minimal competitive load. Nested networks seem to occur in 
many biological and social contexts'’*™, suggesting that our 
results are relevant in a wide range of fields. 

A long-held tenet in ecology is that the structure of an ecological 
network can largely affect its dynamics*®”’*'®. Recent work has 
unravelled the structure of plant—animal mutualistic networks**"', 
but little is known about the implications of these network patterns 
for the persistence of biodiversity. Previous theory has analysed the 
dynamics of mutualistic communities without considering their 
structure*'”°. More recently, ecologists have started numerically 
to explore the robustness of mutualistic networks'®*’”, but no study 


has yet determined how the size of the network depends on its 
structure. However, understanding the factors determining the num- 
ber of coexisting species is possibly the most fundamental problem in 
ecology and conservation biology. Here we analytically quantify 
whether and to what extent the architecture of mutualistic networks 
enhances the number of species that can stably coexist in a commu- 
nity (Fig. 1). Also, we explore the emergence of this network archi- 
tecture through the assembly process. Our analytical approach 
provides general, insightful results about the equilibrium behaviour 
instead of simulating the dynamics of our system before such an 
equilibrium (Supplementary Fig. 1). 

We must first derive a baseline biodiversity that will occur in the 
absence of mutualistic interactions. We therefore begin by considering 
previous theory that predicts the number of coexisting species when 
there are only competitive interactions”*”’. Next we build a generalized 
model of mutualisms in which species in the same group compete with 
each other and interact mutualistically with species in the other group 
(Methods). For direct competition for resources without mutualism, 
previous work has shown that the largest eigenvalue of the competition 
matrix limits the maximum biodiversity that the system can attain**”’. 
This predicted maximum number of plant species (similar for 
animals) can be expressed as 

3) ii p” 
p®) 


where fp") is the normalized effective interspecific competition para- 
meter, which can be computed from the main eigenvalue, /,, of the 
normalized competition matrix (Supplementary Methods) as 


(1) 
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Figure 1| The structure of mutualistic networks determines the number of 
coexisting species. Each panel represents a plant—animal network with 
different structures: a, fully connected; b, nested; c, compartmentalized. 
Two plants and their respective interactions are highlighted. They compete 
for resources such as nutrients (red arrow), but also have indirect 


interactions mediated by their common pollinators (blue arrow), which may 
change in sign and magnitude (indicated by arrow line style). As the number 
of shared pollinators is higher, positive effects outweigh negative ones, and 
the theory predicts a higher number of coexisting species as indicated by the 
size of the matrices. 
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~(P) _ Ai 
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Here S‘* is the observed number of plant species, which gives the 


dimensions of the interaction matrices. Qualitatively, the larger is 
p”, the smaller is the number of species that can stably coexist in a 
purely competitive system. To obtain explicit analytical formulae, we 
will henceforth consider direct competition of mean-field type assum- 
ing that all species within a set compete with each other with identical 
intensities (this can be relaxed in numerical simulations; Supple- 
mentary Methods). In this case, the quantity computed using equation 
(2) is equal to the direct competition parameter, p 

Now that we have set up the baseline limit to the number of coexisting 
species defined by equation (1), we can incorporate mutualism between 
plants and animals and quantify the new limit to biodiversity. It is still 
possible to derive an effective competition matrix that includes the effect 
of mutualism. The maximum eigenvalue of this matrix limits biodiver- 
sity through equations (1) and (2). We first consider the fully connected 
mutualistic network in which all plants interact with all animals (Fig. 1a). 
The normalized effective interspecific competition, p@ i is related to the 
direct competition without mutualism as follows, where a”) is a para- 
meter (Supplementary Information equation (7)) that is proportional to 
the strength of mutualistic interactions: 


P P 

_@) _ pa) bs 
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Stable solutions exist for a‘? < p. We can see from equation (3) that 


pe. is smaller than p. This means that mutualism always reduces 


the effective interspecific competition in a fully connected plant— 
animal network. The — maximum number of plant species 


in the presence of mutualism, s , becomes (Supplementary Methods) 
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which is strictly greater than S“, proving that fully connected mutua- 
listic networks increase the number of coexisting species by reducing the 
effective interspecific competition. 

Having quantified the increase in biodiversity due to mutualism in 
the fully connected case, we proceed by assessing how this mutualistic 
effect is shaped by the structure of mutualistic networks (Fig. 1b, c). We 
will repeat the above arguments relaxing the assumption that plant and 
animal species interact with all species in the other group. Whereas the 
effective competition matrix in the case of mean-field mutualism con- 
tained terms describing an average identical effect of one species on 
another, now the elements of the effective competition matrix, ct .. are 
different and have to be written explicitly as (Supplementary Methods) 


(P)_(P) (P) 
R(5 myn | ) (5) 


where 6 ;is the Kronecker delta function (1 ifi = j, 0 otherwise), Ris the 
mutualism-to-competition ratio (Supplementary Information equa- 


tion (23)), ns 


i 


(P) ee eee 
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”) is the number of interactions of plant species iand ni? is 


the number of shared interactions between species iand j. Importantly, 
the right-hand side of equation (5) decreases with the nestedness of the 
mutualistic network (as defined in Methods). As a consequence, by 
inspection nestedness reduces the effective interspecific competition 
for a given distribution of number of interactions across plant species 
and fixed parameters. Because the predicted maximum number of 
plant species (equation (4)) increases with decreasing effective com- 
petition, the model predicts that the more nested is the matrix, the 
higher is the maximum biodiversity. 

To explicitly quantify the increase in biodiversity (from the base- 
line of an exclusively competitive system) due to the nested architec- 
ture of mutualistic networks, we computed the derivative of the 
predicted maximum number of plant species (equation (4)) with 
respect to the mutualism-to-competition ratio: 
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Here (n®) = > nv /S®) and ((n®)) =S>, (n\?/S®) are the 
mean and mean-square number of mutualistic interactions per plant 
species, respectively. This derivative increases with the parameter 


iD np | ((S?- ae nf”), which is highly correlated 


with the measure of nestedness defined in Methods. As seen above, 
mutualism of the fully connected type always increases the number of 
coexisting species, setting a maximum limit to biodiversity (fully 
connected networks have the maximum numbers of absolute and 
shared mutualistic interactions; Fig. la). Structured networks, 
however, may increase the effective competition and reduce bio- 
diversity if there are not enough shared interactions (that is, for 
low nestedness; Fig. 1c), or if direct competition is strong so that 
the predicted maximum numbers of species in the absence of mutu- 
alism, 5“) and S), are small. Therefore, the architecture of mutua- 
listic networks highly conditions the sign and magnitude of the effect 
of mutualism on the number of coexisting species. Nestedness pro- 
vides the maximum number of species given a certain number of 
interactions (Fig. 1b). The next question is to unravel how nested 
mutualistic networks arise in the first place. In Supplementary 
Methods, we analytically show that a new species entering the com- 
munity will experience the lowest competitive load, and will there- 
fore be most likely to be incorporated into the community, if it 
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Biodiversity increase (real networks) 
3 
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10° 10! 102 108 
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Figure 2 | The nested architecture of real mutualistic networks increases 
their biodiversity. a, The increase in the predicted maximum biodiversity 
(sum of plant and animal species) of a mutualistic network as a function of 
its value of nestedness. Each symbol represents a real network. 

b, Relationship between the increase in the predicted maximum biodiversity 
for real networks versus randomizations. All significantly nested networks 
(filled symbols) show a higher increase in biodiversity. The increase in 
biodiversity is calculated as a numerical eppteension to equation (6). The 
observed numbers of species (S® and S“’) are given in Supplementary 
Table 1. Other parameters are S‘) = 5) =50 and R = 0.005. 
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interacts with the most generalist species. This naturally leads to a 
nested network. 

To illustrate the predicted effect of network architecture on bio- 
diversity, we incorporate the structure of each one of 56 real mutua- 
listic networks (Supplementary Table 1) into our analytical expression 
(equation (5)). In Fig. 2a, we plot the increase in biodiversity in rela- 
tion to the baseline limit without mutualism (equation (6)) against the 
level of nestedness. As can be seen, real communities that are more 
nested show higher increases in biodiversity. It is possible, however, 
that this increase is mediated by a covariant variable such as the 
number of species or interactions. To rule this out, we use an alterna- 
tive way of exploring the role of network structure that keeps constant 
all variables but nestedness. Figure 2b shows the comparative increase 
in biodiversity for both real and randomized networks (Methods). In 
the bulk of communities (45 of 56, P= 2.0 X 10 °, binomial test), the 
real architecture induces a higher increase in biodiversity than the 
randomization. More importantly, all networks that are significantly 
nested (Methods; filled symbols in Fig. 2b) have a greater increase in 
biodiversity than do their randomizations. Nestedness may be corre- 
lated with other properties of network structure such as degree distri- 
bution or disassortativity, and the overall contribution to biodiversity 
increase may therefore be a composite ofall these properties that shape 
the architecture of mutualistic networks. 

Our analytical framework can complement previous non-interacting 
or mean-field approaches to ecology'”, by quantifying the importance 
of network structure for biodiversity. Ideally, this could provide an 
assessment of the relative contributions of different mechanisms to 
biodiversity maintenance, a critical task at present in the face of global 
change. A variety of systems can be described as similar cooperative 
networks'’*"*. The dynamics of such systems can be captured by 
appropriate versions of the mutualistic model studied here. 
Therefore, our analysis can be extended to address questions such as 
to what extent systemic risk depends on the structure of the financial 
systems’, how the optimum number of companies is determined by 
the architecture of contractor-manufacturer networks, and to 
what degree the structure of social networks favours the evolution of 
cooperation”*. 


METHODS SUMMARY 


We used a mutualistic model defined as a system of differential equations. It 
describes the dynamics ofa community of n plant species and manimal species as 
a function of their intrinsic growth rates, interspecific competition, and mutua- 
listic effects represented as nonlinear, saturating functional responses (Holling 
type II). We controlled the structure of the plant—animal mutualistic network 
and were able to analytically solve the model for several network architectures. 

We analytically estimated nestedness by averaging the number of shared inter- 
actions between two given plants relative to their respective numbers of inter- 
actions. In a completely nested matrix, the sets of interactions overlap, therefore 
maximizing the above quantity. This analytical measure of nestedness allowed us 
to directly relate nestedness to the effective competition matrix, and to write our 
analytical solutions as a function of nestedness. 

We assessed the significance of nestedness by estimating the probability, p, 
that a randomization of the network is equally or more nested than the real 
matrix’. Our randomizations assumed that the probability of an interaction 
was proportional to the generalization level of both the plant and the animal 
species”. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


The mutualistic model. The dynamical equation for the population of plant 
species 7 is 
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where upper indices (P) and (A) denote ‘plant’ and ‘animal’, respectively, N; 
represents the number of individuals of species i and P and A indicate the sets 
of plant and animal species, respectively. The parameter «; represents the intrinsic 
growth rate in the absence of mutualism, and f;;represents the direct interspecific 
competition for resources between species iand j (for example light and nutrients 
in the case of plants, and breeding sites in the case of animals). The last term 
describes the mutualistic interaction, through nonlinear functional responses 
representing a saturation of consumers as the resources increase. The parameter 
yi defines the per capita mutualistic strength of animal k on plant i, and h can be 
interpreted as a handling time. The equations for animal populations can be 
written in a symmetric form by interchanging the indices (A) and (P). 
Equation (7) incorporates all elements recently adduced as necessary ingredients 
for a realistic model of facultative mutualism'”””, plus additional ones such as the 
explicit interspecific competition term. It generalizes previous mutualistic models 
and allows the reconciliation of previous results on particular cases 
(Supplementary Methods). 

Fixed points of the model. We can analytically obtain the fixed points of model 
(7) through some algebraic transformations and Taylor expansions (see 
Supplementary Methods for the full analytical development). There are two 
different solutions. The first is characterized by small equilibrium biomasses, 
N< 1/hy. Because the mutualistic strength, , has to remain small for this to be 
stable, we call this regime weak mutualism. A second type of fixed point, which 
we refer to as strong mutualism, corresponds to equilibrium biomasses, N, of 
order 1/hy. As soon as the weak-mutualism fixed point becomes unstable, the 
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strong-mutualism fixed point becomes stable. Because mutualistic networks are 
built upon weak dependences", the weak-mutualism solution seems the most 
plausible; it is the one considered in the main text, whereas the strong-mutualism 
regime is described in Supplementary Methods. 

The weak-mutualism fixed-point equations can be written in the form of a 

linear system, oN = po, where pe? are the entries of the effective 
productivity vector (Supplementary Methods). We show in Supplementary 
Methods that the necessary and sufficient condition for dynamic stability in 
the weak-mutualism regime is that all equilibrium biomasses are positive and 
the effective competition matrix is positive definite (that is, all eigenvalues are 
real and positive). 
Measuring nestedness. The level of nestedness of the mutualistic matrix is usually 
estimated by means of appropriate software*!*”°. Here we introduced an explicit 
definition of nestedness that makes the calculation more straightforward and had 
the advantage of being related to the form of the effective competition matrix. For 
plant species, it reads 


(P) 

iO ies MH 
. (P) _(P) 

Di<j min (n,n; ’) 
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i 
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Here min(n; ’, n”?) refers to the smaller of the two values n‘”) and nj. A sym- 


metric definition holds for animal species. This nestedness index ranges from zero 
to one, and is highly correlated with previous measures of nestedness. 

To assess the significance of nestedness in a real community, we used a popu- 
lation of randomizations of the real community. Our null model randomized the 
interaction matrix probabilistically maintaining the generalization level of both 
the plant and the animal species. Specifically, the probability of an interaction 
between plant i and animal j, 7, is given by the following expression’, where p; 
and q; are the fractions of occupied cells in row i and column j, respectively: 


gat : 4 


As a Statistic indicating significance, we estimated the probability, p, that a 
randomization was equally or more nested than the real matrix”. 
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A semi-aquatic Arctic mammalian carnivore from the 
Miocene epoch and origin of Pinnipedia 


Natalia Rybczynski’, Mary R. Dawson? & Richard H. Tedford? 


Modern pinnipeds (seals, sea lions and the walrus) are semi-aquatic, 
generally marine carnivores the limbs of which have been modified 
into flippers. Recent phylogenetic studies using morphological 
and molecular evidence support pinniped monophyly, and suggest 
a sister relationship with ursoids'’ (for example bears) or 
musteloids*’” (the clade that includes skunks, badgers, weasels 
and otters). Although the position of pinnipeds within modern 
carnivores appears moderately well resolved, fossil evidence of 
the morphological steps leading from a terrestrial ancestor to the 
modern marine forms has been weak or contentious. The earliest 
well-represented fossil pinniped is Enaliarctos, a marine form with 
flippers, which had appeared on the northwestern shores of 
North America by the early Miocene epoch*”’. Here we report the 
discovery of a nearly complete skeleton of a new semi-aquatic 
carnivore from an early Miocene lake deposit in Nunavut, 
Canada, that represents a morphological link in early pinniped 
evolution. The new taxon retains a long tail and the proportions 
of its fore- and hindlimbs are more similar to those of modern 
terrestrial carnivores than to modern pinnipeds. Morphological 
traits indicative of semi-aquatic adaptation include a forelimb with 
a prominent deltopectoral ridge on the humerus, a posterodorsally 
expanded scapula, a pelvis with relatively short ilium, a shortened 
femur and flattened phalanges, suggestive of webbing. The new 
fossil shows evidence of pinniped affinities and similarities to the 
early Oligocene Amphicticeps from Asia and the late Oligocene and 
Miocene Potamotherium from Europe. The discovery suggests that 
the evolution of pinnipeds included a freshwater transitional phase, 
and may support the hypothesis that the Arctic was an early centre 
of pinniped evolution. 

Among mammals, the land-to-sea transition has occurred several 
times with varying completeness, as shown by cetaceans, sirenians, 
desmostylians, pinnipeds and sea otters. This transition is characterized 
by innovations associated with most aspects of life, including loco- 
motion, feeding and reproduction. The fossil record has documented 
early stages in some of these transformations, most successfully in 
that of whales from terrestrial artiodactyls'®. The early evolution of 
pinnipeds has been more difficult to resolve. The earliest widely 
accepted fossil pinniped, Enaliarctos, of the early Miocene of western 
North America, is similar to modern pinnipeds in that it is a short- 
tailed marine specialist with well-developed flippers’. With Enaliarctos 
considered the earliest pinniped, there exists a major transformational 
gap between a terrestrial ancestor and the appearance of flippered 
pinnipeds. Indeed, most studies of pinniped relationships and evolu- 
tion do not consider the critical first evolutionary stages that ultimately 
gave rise to this successful group of marine carnivores. 

New evidence on pinniped origins is provided by the discovery ofa 
small mammalian carnivore, Puijila darwini gen. et sp. nov., in 
Miocene deposits of the Haughton Formation of Devon Island, 


Nunavut, Canada (Fig. 1). Puijila is a morphological intermediate 
in the land-to-sea transition of pinnipeds and provides new evidence 
concerning the evolution and biogeography of the earliest pinnipeds. 

The Haughton Formation, located within the Haughton impact 
structure at 75° 22’ N, 89° 40’ W, consists of post-impact lake deposits 
that accumulated in the crater. The formation is up to 48 m thick, and 
is mainly within the western half of the impact crater. Fission-track 
and *°Ar—*’Ar furnace step-heating dating of the structure yielded an 
impact age between 24 and 21 Myr, that is, late Oligocene epoch to 
early Miocene epoch", although another *°Ar—*’Ar analysis of the 
structure favoured a late Eocene age of 39 Myr (ref. 12). The previously 
reported vertebrate fauna from the lake deposits includes at least 
two taxa of freshwater teleost fishes, one bird and four mammalian 
taxa (shrew, rabbit, rhinoceros and small artiodactyl). An early 
Miocene (Aquitanian/late Arikareean) age for this fauna is 


Devon Island 


Figure 1| Geographic location of fossil site. a, Devon Island in a polar 
projection. b, Haughton impact structure on Devon Island. 


‘Canadian Museum of Nature, PO Box 3443 STN D, Ottawa, Ontario K1P 6P4, Canada. Carnegie Museum of Natural History, 4400 Forbes Avenue, Pittsburgh, Pennsylvania 15213, 
USA. 3Division of Paleontology, American Museum of Natural History, New York, New York 10024, USA. 


1021 


©2009 Macmillan Publishers Limited. All rights reserved 


LETTERS 


supported particularly strongly by the rabbit (family Leporidae) and 
shrew (family Heterosoricidae)’’. The palaeobotanical record suggests 
that the palaeoenvironment around the lake comprised a forest com- 
munity transitional between a boreal and a conifer—hardwood forest, 
in a cool temperate, coastal climate with moderate winters’*. Puijila 
darwin1 is the first mammalian carnivore found in the Haughton lake 
deposits. 


Puijila darwini gen. et sp. nov. 


Etymology. Puijila (Inuktitut): young sea mammal, often referring to a 
seal; darwini: for Charles Darwin, who wrote with his usual prescience, 
“A strictly terrestrial animal, by occasionally hunting for food in shal- 
low water, then in streams or lakes, might at last be converted into an 
animal so thoroughly aquatic as to brave the open ocean’””™*. 
Holotype. NUFV 405 (Nunavut Fossil Vertebrate Collection, housed 
at the Canadian Museum of Nature, Ottawa, Ontario, until facilities 
are available in Nunavut), partial skull and postcranial skeleton 
(about 65% complete) of a single male individual (Figs 2 and 3). 
Locality and horizon. Canada, Nunavut, Devon Island, Haughton 
Formation. Field number Dev-07-07-20B. Early Miocene (Aquitanian, 
European mammal zones MN1-3; Arikareean NALMA). 

Diagnosis. Arctoid mammal. Skull having short, high rostrum; large 
infraorbital foramen; large orbit; zygomatic bone strongly arched 
dorsally; broad palate with elevated median ridge; alisphenoid canal 
and small postglenoid foramen present; prominent mastoid pro- 
cesses. Mandible having deep masseteric fossa and coronoid process 
wide anteroposteriorly. Dentition: 22/2, 1/1, 4/4, 2/2; P/I; much 
larger than I’/I,; M' with strong parastyle; small, single-rooted M? 
in line with lingual side of M'; M, paraconid larger than metaconid, 
talonid has lingual ridge in place of entoconid; M, small, single 
rooted. Scapula expanded posterodorsally; humerus with prominent 
deltopectoral ridge; manus and pes with long metapodial I, flattened 
phalanges; relatively short ilium and femur. Combined head and 
body length estimated to be about 110 cm. For differential diagnoses 
see Supplementary Information. 

Taken together, the dental, cranial and postcranial characters of 
Puijila suggest that a phylogenetic analysis including Amphicticeps 
shackelfordi, Potamotherium valletoniand Enaliarctos would be appro- 
priate. This analysis of Puijila and early arctoids (including pinnipeds, 
musteloids, ursoids and their fossil near-relatives) recovered a clade 
uniting Amphicticeps, Potamotherium and Puijila with Enaliarctos 
(Fig. 4). 

Within the group, Amphicticeps is most basal. Amphicticeps is 
represented by cranial and mandibular remains, but no postcranial 
elements, from Oligocene Hsanda Gol deposits from Mongolia’. 
Previous phylogenetic assessments had aligned this taxon tentatively 
with ursoids*, and most recently as the sister taxon to a clade of 
pinnipeds plus all other musteloids’. Amphicticeps resembles Puijila 
in a range of characters, including having a skull with short, broad 
rostrum; a short infraorbital canal; an anteroposterior median ridge 
on an elongate palate; a small M’, aligned with the lingual side of M'; 
M? absent; and M; absent (in some Amphicticeps specimens). If 
Amphicticeps is a basal pinniped, then the clade originated by the 
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Figure 3 | Puijila darwini skull (NUFV 405, holotype). a, Palatal view of 
skull; b, lateral view of skull and mandible, left side; ¢, occlusal view of left 
mandible. Stippling represents matrix, hatching represents broken bone 
surface. The images are of three-dimensional scans. The brain case was 
scanned using computed tomography, whereas all other elements were 
surface scanned. 


Oligocene in Eurasia. Previously, estimates on the origin of pinnipeds 
based on the fossil record had suggested a late Oligocene origin’’, but 
a recent molecular-clock estimate is consistent with an early 
Oligocene origin’. 

The clade of Puijila, Potamotherium and Enaliarctos shares a num- 
ber of characters including a posteriorly expanded hard palate, an 
enlarged infraorbital foramen, a shelf-like protocone on P*, a reduced 
and lingually situated M*, a robust deltopectoral ridge on the 
humerus and a posterodorsally expanded scapula. The lack of post- 
cranial evidence for most basal arctoids restricts comparisons of most 
other skeletal regions. 

Potamotherium valletoni is relatively well known from thousands 
of isolated bones, but no complete associated skeleton, from early 
Miocene (MN1-2) freshwater lakes in central France’®. Early descrip- 
tions cast Potamotherium as a lutrine mustelid, an assignment con- 
tradicted by its lack of derived lutrine dental features’’, a postcranial 
skeleton more specialized for aquatic life than that of modern 
otters*’° and an ear region of primitive arctoid—amphictoid type’. 
Potamotherium has also been considered, among other assignments, 
a member of a musteloid stem group’, an arctoid incertae sedis’, an 
oligobunine””’ and a pinniped in the family Semantoridae*”*”’. 

Among fossil pinnipeds for which postcrania are known, Puijila is 
the least specialized for swimming. The well-known Enaliarctos is 


Figure 2 | Puijila darwini skeleton (NUFV 405, holotype). Reconstruction of skeleton showing preserved bones in dark grey. 
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Figure 4 | Phylogenetic position of Puijila within Arctoidea. Strict 
consensus cladogram of the eight most parsimonious trees. See Methods and 
Supplementary Information for additional details. 


most similar to modern pinnipeds, having a streamlined body, a 
reduced tail and limbs that were highly modified to form flippers. 
In contrast, Puijila did not possess flippers, its feet were probably 
webbed, it had a long tail and its limb proportions were generally 
similar to modern otters. A comparison of limb proportions of 
Potamotherium, Enaliarctos and Puijila with those of living arctoids 
finds that the limb proportions of Puijila are much more similar to 
those of land-dwelling arctoids, such as Martes (fisher) and Mephitis 
(skunk), than to either Potamotherium or Enaliarctos (see 
Supplementary Information for comparison of limb proportions). 
Potamotherium is similar to Puijila in that its overall form was otter- 
like, but its musculoskeletal system appears to be more specialized for 
swimming". 

Of the living arctoids, the postcranial skeleton of Puijilaappears most 
similar to that of the extant river otter Lontra canadensis. In Lontra and 
Puijila, the femur is slightly shortened and the humeral shaft is strongly 
curved and bears a robust deltopectoral ridge. Puijila exceeds Lontra in 
the degree of specialization of the shoulder region, having a humerus 
with a slightly better-developed deltopectoral ridge and a more derived 
scapula, which is expanded dorsoposteriorly. A low ridge within the 
infraspinous fossa indicates the presence of an expanded teres mus- 
culature, a condition also seen in Potamotherium'®, Enaliarctos* and 
other pinnipeds”. 

The proportions of the manus and pes elements differ in Puijila in 
comparison with Lontra. In Puijila, the manus is longer. Also, for 
both the manus and pes, the first digit in Puijila is elongate relative to 
the other digits (although shorter than the second digit). The pedal 
phalanges are much longer in Puijila than in Lontra, and are dorso- 
ventrally flattened near their distal ends. Phalangeal flattening may be 
associated with the presence of webbing between the digits. In the sea 
otter Enhydra, the almost flipper-like hind foot has flattened pha- 
langes. Flattened digits are also present in the manus and pes of other 
pinnipeds, including Potamotherium and Enaliarctos. The tail of 
Puijila appears to have been shorter and more gracile than that of 
Lontra; in this regard, Puijila is also similar to Potamotherium. 

The presence of enlarged, probably webbed feet, robust forelimbs 
and an unspecialized tail suggests that Puijila swam quadrupedally 
using its webbed fore and hind feet for propulsion. It was almost 
certainly not specialized for swimming under water using simulta- 
neous pelvic paddling, as seen in Lontra. Mammals that swim using 
simultaneous pelvic paddling do so without the aid of their front legs, 
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relying instead on simultaneous propulsive thrusts of the hindlimbs 
in combination with dorsoventral tail (and sometimes body) undu- 
lations’. In contrast, most living pinnipeds swim using one of two 
disparate modes: true seals (Phocidae) use their hind feet in a side-to- 
side pelvic oscillation, whereas fur seals (Otariidae) oscillate their 
fore flippers, in a movement akin to flying’’. As a possible quadru- 
pedal swimmer, Puijila represents a form that could have given rise to 
both of the major swimming modes observed in pinnipeds today. 
Enaliarctos has been variously interpreted as using fore- and hind- 
limbs and the axial skeleton in swimming? or as being a hindlimb- 
dominated swimmer”. 

The discovery of Puijila and the results of the phylogenetic analysis 
presented here support the hypothesis that pinnipeds diverged from 
an arctoid ancestral population by the early Oligocene. The non- 
marine pinniped Potamotherium was present in mid-latitudes of 
Europe and North America, and is known from the Oligocene/ 
Miocene boundary through to the end of the Miocene””*. Puijila 
itself appears to be a relict stem pinniped. It is the least aquatically 
specialized of all known pinnipeds (except possibly Amphicticeps, for 
which postcrania are unknown), yet it appears in the fossil record in 
the early Miocene, approximately contemporaneously with the more 
highly derived pinniped Enaliarctos, and not long before a significant 
radiation of other early marine pinnipeds". 

Puijila and Potamotherium were not marine specialists, but seem 
instead to have predominantly lived and hunted in fresh water, sug- 
gesting a freshwater phase in the evolutionary transition of pinnipeds 
from land to sea. Another presumed freshwater pinniped is 
Semantor, a form more aquatically specialized than Potamotherium, 
recovered from upper-Miocene cross-bedded sands along the Irtysh 
River near Pavlodar in northeastern Kazakhstan”. 

An Arctic origin for pinnipeds has previously been proposed**”, 
but was later dismissed for lack of fossil evidence’*. Evidence of a 
morphologically primitive Arctic pinniped has now been found. A 
far-northern centre of distribution is consistent with the occurrence 
of marine fossil pinnipeds, the oldest of which are currently known 
from the early Miocene of the North Pacific (Enaliarctos) and the late 
Oligocene of the North Atlantic (phocids’*). Puijila lived in a cool 
temperate environment where the freshwater lakes would have fro- 
zen over in the winter. Early Arctic pinniped populations may have 
frequented marine shore environments more than their more south- 
erly counterparts, because when freshwater access would have been 
limited by winter ice, the marine realm would still have been open to 
hunting. 


METHODS SUMMARY 


The specimen described here was recovered in 2007 and 2008 from surface 
collection and screening (wet and dry) in an unconsolidated, yellow-brown, 
dolomitic siltstone over a 7.4-m” area. The bone is fully three-dimensional, 
although many elements were found as broken pieces. Excluding the ribs, which 
are poorly preserved, the skeleton is ~65% complete. 

Phylogenetic analyses began with a published craniodental data matrix that 
focused on basal arctoids, including Amphicticeps’. The emphasis on basal arc- 
toids aims to avoid the effects of long branch attraction. Hesperocyon and Miacis 
represent arctoid outgroups*. Some characters were modified and some scores 
for Potamotherium were corrected. Four new taxa were added, namely Puijila, 
the pinniped fossil relative; Enaliarctos; and the modern musteloids, Mustela 
(weasel) and Lontra (river otter). Although it may have been useful to include 
the semi-aquatic late-Tertiary Semantor in the data analysis, this taxon is known 
from only the posterior part of the skeleton, which could not be expected to 
contribute to the phylogenetic approach sought here. The data matrix comprised 
26 taxa and 42 unordered characters. Parsimony analyses used the PAUP* soft- 
ware (version 4.10b)*°. Two heuristic searches were conducted. The first was 
without any constraint (Fig. 4). In the second, the heuristic search was bounded 
by a backbone constraint tree that recognizes the relationship, (Ursidae 
(Musteloidea + Pinnipedia)), supported by molecular evidence®. In the con- 
strained search, only trees that satisfy the following relationship were retained: 
((Miacis, Hesperocyon) (Cephalogale (Enaliarctos (Ailurus, Mustela, Lontra)))). 
Matrix, character list, specimen list and search results are available in 
Supplementary Information. 
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Temporally precise in vivo control of 


intracellular signalling 


Raag D. Airan', Kimberly R. Thompson’, Lief E. Fenno', Hannah Bernstein’ & Karl Deisseroth’” 


In the study of complex mammalian behaviours, technological 
limitations have prevented spatiotemporally precise control over 
intracellular signalling processes. Here we report the development 
of a versatile family of genetically encoded optical tools 
(‘optoXRs’) that leverage common structure—function relation- 
ships' among G-protein-coupled receptors (GPCRs) to recruit 
and control, with high spatiotemporal precision, receptor- 
initiated biochemical signalling pathways. In particular, we have 
developed and characterized two optoXRs that selectively recruit 
distinct, targeted signalling pathways in response to light. The two 
optoXRs exerted opposing effects on spike firing in nucleus 
accumbens in vivo, and precisely timed optoXR photostimulation 
in nucleus accumbens by itself sufficed to drive conditioned place 
preference in freely moving mice. The optoXR approach allows 
testing of hypotheses regarding the causal impact of biochemical 
signalling in behaving mammals, in a targetable and temporally 
precise manner. 

To enable optical control over intracellular signalling in mammals 
(Fig. 1a), we capitalized on shared structure—function relationships' 
among GPCRs to develop and express in vivo multiple distinct opsin/ 
GPCR’ chimaeras with novel transduction logic that couples signal to 
effector. In principle, a chimaeric opsin-receptor protein engineered 
to be functional within mammals in vivo, targetable to specific cells, 
and responsive to precisely timed light pulses would be of substantial 
interest for physiology. Such an approach could take advantage of the 
speed of optics to test the importance of (1) intracellular biochemical 
events at precisely defined behaviourally relevant times, (2) pulsatile 
versus tonic modulation, (3) synchrony between different modulatory 
systems, and many other fundamental physiological and pathological 
processes in defined cell types over a range of timescales. Whereas 
much is known about GPCR structure—function relationships from 
mutants and chimaeras’”, in vivo application of this knowledge for 
optical interventional purposes had not been considered feasible as it 
is not generally practical to supply chemical cofactors (in this case 
retinoids, to allow opsin function by transduction of the light signal) 
to intact mammalian tissues and circuits in vivo. However, recent 
work on microbial opsins has revealed that the mammalian brain* 
contains sufficient retinoid levels to allow opsin function without 
addition of cofactors. Here we capitalize on this knowledge to develop 
opsin-receptor chimaeras (the optoXR family) as a new class of in vivo 
physiology tools. 

To validate this concept in mammals, the intracellular loops of 
rhodopsin were replaced with those of specific adrenergic receptors 
by first aligning conserved’ residues of the Gy-coupled human ),- 
adrenergic receptor (AR; NCBI accession no. NP_000671) and the 
G,-coupled hamster B-adrenergic receptor (B:AR; NCBI accession 
no. CAA27430) with the G,-coupled bovine rhodopsin (NCBI acces- 
sion no. P02699; Fig. 1a,b). We then engineered exchanges of intra- 
cellular regions (including carboxy-terminal domains, as in ref. 2) for 


each receptor based on structural models”® (Fig. 1b) to transfer 
G-protein coupling from G,, and optimized each receptor for in vivo 
expression in mammals. Upon activation by varied ligands, the 
native receptors can explore multiple ensemble states to recruit 
canonical and non-canonical pathways in the recently described phe- 
nomenon of ligand-biased signalling’°. The optoXRs are likely to 
select a single active ensemble state upon sensing light in a manner 
dependent on biological context’. 

We constructed genes encoding chimaeras (opto-«%,AR and opto- 
B2AR) fused to a fluorescent protein. To validate functional optoXR 
expression, we imaged [Ca?*]; (intracellular calcium concentration) 
in HEK cells transfected with opto-«,AR alone (expected to recruit 
[Ca?*], via G,), or with both opto-B,AR (expected to recruit cyclic 
AMP via G,) and the cAMP-gated Ca** channel CNGA2-C460W/ 
£583M!°. Ratiometric [Ca**]; imaging demonstrated that 60s of 
green light stimulation (504 + 6nm, 7mW mm ”) was sufficient to 
drive prominent [Ca’* ]; signals downstream of either optoXR but not 
in control conditions (Fig. 1c), revealing functional expression. To test 
specificity of the signalling controlled by each optoXR, transduced 
HEK cells were illuminated with 3 mW mm ~~ 504 + 6 nm light for 
60s and then lysed and analysed for levels of CGMP, cAMP and IP, 
(a degradation product of IP;) via immunoassays (Methods). We 
observed the canonical pattern expected for opto-B,AR correspond- 
ing to its molecular design, as optical stimulation yielded significant 
production of cAMP in opto-B,AR-expressing cells (Fig. 2a, top), 
comparable to that achieved with pharmacological stimulation of 
the wild-type B,AR and without recruitment of IP; (Fig. 2a, middle), 
[Ca?*]; (Fig. 1c), or substantial dark activity. In contrast, optical 
stimulation yielded significant upregulation of IP; signalling in 
opto-a,AR-expressing cells (Fig. 2a, middle), comparable to levels 
induced by pharmacological stimulation of the wild-type «AR. 
Together with the [Ca?*]; elevations (Fig. 1c), these data reveal the 
pattern expected for G, recruitment, a pattern not seen in opto-B,AR- 
expressing cells (Fig. 2a, top). Optical stimulation of cells expressing 
either construct was unable to modulate cGMP levels (Fig. 2a, 
bottom), further indicating the signalling specificity of the chimaeric 
proteins. Similar assays revealed that the optoXRs retain an action 
spectrum close to that of native rhodopsin, are able to integrate signals 
over a range of biologically suitable light fluxes (Supplementary Fig. 
la), and can activate non-canonical pathways to a similar extent as 
wild-type receptors, as shown for p42/p44-MAPK signalling 
(Supplementary Fig. 1b, top). 

We next tested optoXR performance in intact neural tissue, to 
determine if supplementation of retinal cofactors would be required. 
Lentiviral vectors carrying the optoXR fusion genes under control of 
the synapsin-I promoter (to target biochemical modulation to local 
neurons rather than other potentially G,/G,-responsive cellular tissue 
elements such as glia and endothelial cells; Fig. 2b, top left) were 
stereotactically injected into the nucleus accumbens of adult mice 
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Figure 1| OptoXR: optogenetic control of intracellular signal transduction. 
a, OptoXR design; DAG, diacylglycerol. b, Primary structure alignment of 
wild-type GPCRs (Rhodopsin (rhod), BAR, %,AR) and optoXRs (opto- 
BAR, opto-o., AR); grey, highly conserved residues; green, swapped 
intracellular domains (IL, intracellular loop; Ct, C terminus; TM, 
transmembrane domains). ¢, Fura-2 Ca*' imaging. Mean + s.e.m. (shading) 
traces of HEK cells transfected with opto-«,AR alone (red; 92 cells over 3 
coverslips); opto-B2AR cotransfected with cAMP-gated calcium channel 
(CNGA2-C460W/E583M; blue; 120 cells over 3 coverslips); opto-$ AR alone 
(light grey; 26 cells over 2 coverslips); mCherry cotransfected with CNGA2 
(dark grey; 40 cells over 2 coverslips) during 60 s of 500 nm light (green bar; 
7mW mm ”) following 30s baseline. (Two-tailed Student’s t-test of signals 
at end of light stimulation versus baseline; n.s., P > 0.05; ***P < 0.001.) 
Inset, pseudocolour images of fura-2 ratio before (left; ‘no stim.’ at 0s) and 
after (right; ‘stim.’ at 150s) stimulation. dR, fractional change in 340/380 
fluorescence excitation ratio. Scale bar, 100 um. 


(Methods). In contrast to pharmacological or electrical interventions, 
this strategy targets biochemical modulation to neurons with soma- 
todendritic compartments in accumbens (~95% GABAergic medium 
spiny neurons"', without further subtype specificity; Fig. 2b, left) and 
excludes fibres of passage or afferent presynaptic terminals as these 
lentiviruses do not transduce cells via axons’*. Two weeks after trans- 
duction, acute coronal slices of accumbens were prepared in artificial 
cerebrospinal fluid, optically stimulated for 10 min, and immediately 
fixed and stained for Ser 133-phosphorylated CREB (pCREB), a 
biochemical integrator of both cAMP and Ca**-coupled signalling 
cascades"’. Indeed, without supplementation of exogenous retinoids, 
we observed significantly elevated pCREB in the optoXR-expressing 
populations (Fig. 2b, right, Supplementary Table 1) and not in non- 
illuminated tissue (Supplementary Fig. 1b, bottom). 

We also determined the functional consequences of optoXR activa- 
tion on accumbens local electrical activity by recording multiunit in vivo 
neuronal firing with an optrode’* targeted to transduced accumbens 
(Fig. 3a). No significant differences in baseline firing rates were observed 
in the dark with either construct (Fig. 3a, bottom right; Supplementary 
Table 2; Supplementary Fig. 2a). Interestingly, optical stimulation 
resulted in decreased network firing in opto-f$,AR-expressing 
accumbens (left trace in Fig. 3b illustrates effect kinetics; summary data 
shown in Fig. 3c and d respectively; raw data and description of calcula- 
tions in Supplementary Table 3 and Supplementary Fig. 2b), in agree- 
ment with previous pharmacological studies targeting G, (ref. 14). In 
contrast, optical stimulation increased firing in opto-«%,AR-expressing 
accumbens (Fig. 3b right; Fig. 3c, d). Spike frequency histograms 
showed that the kinetics of optoXR effects on firing rates was consistent 
with biochemical rather than electrical initiation of the signal (Fig. 3d, 
Supplementary Fig. 2). These electrophysiological data, in combination 
with the earlier biochemical validations, support the conclusion that 
optoXRs can be functionally expressed in vivo, to permit differential 
photoactivatable control of intracellular cascades and to modulate net- 
work physiology. 

We next took an optogenetic approach to assess the ability of 
precisely timed optoXR stimulation to modulate behaviour’ in freely 
moving mice. Portable solid-state light delivery was combined with 
transgenic expression of optoXRs to optically control intracellular 
signalling within accumbens neurons in the temporally precise manner 
required for operant behaviour (Fig. 4a)*’”. Confocal analysis revealed 
expression to be limited to local accumbens neurons; in particular no 
labelling was observed in afferent fibres, in distant regions projecting to 
accumbens, in glia, or in surrounding regions (Supplementary Fig. 3). 
We targeted optical stimulation to transduced accumbens as part of a 
three-day operant conditioned place preference assay (Fig. 4a, 
Supplementary Fig. 3; Methods). On each day of the experimental test, 
animals were allowed to freely explore the place preference apparatus 
(Fig. 4a, bottom). On day 1, animals freely explored the apparatus 
without optical stimulation. On day 2, whenever the animal freely 
entered the designated conditioned chamber, a laser-diode-coupled 
optical fibre registered to the transduced region delivered light pulses 
at 10 Hz to approximate the likely intensity of monoaminergic input 
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Figure 2 | Signalling specificity and in vivo functionality. a, HEK cells 
expressing indicated construct, stimulated with light for 60s (left) or 10 uM 
norepinephrine for 5 min (NE; right), and immunoassayed for indicated 
intracellular messenger. Opsin, rhodopsin; XFP, fluorescent protein (YFP) 
alone; IP), degradation product of IP3 (Student’s t-test; n = 3 wells per 
condition; n.s., P > 0.05, ***P < 0.001). b, Top left, lentiviral expression 
vector of optoXRs under neuron-specific synapsin-I promoter (Syn). LTR, 
RRE, elements necessary for viral replication; Psit+, element necessary for 
viral packaging; WPRE, cPPT, elements for stable expression. Bottom left, 
GAD immunostaining of opto-«, AR-expressing cells. No expression seen in 
glia, fibres of passage, or neurons outside or projecting to accumbens. Right, 
significant pCREB activation observed in optoXR-expressing cells 
(mCherry +) following 10 min optical stimulation of acute accumbens slices 
(n = 38-51 cells pooled from 3 slices per group; ANOVA, Tukey’s post-hoc 
tests, F; 173 = 9.853, *P < 0.05, ***P < 0.001; numerical data in 
Supplementary Table 1). o«%,AR, opto-%1AR; o8 AR, opto-B,AR; a.u., 
arbitrary units. 


during strong reward'®’”. Path tracing revealed that the flexible optical- 
fibre approach allowed full and unimpeded exploration ofall chambers 
(Fig. 4a, bottom). On day 3, animals again freely explored the 
apparatus without optical stimulation, and the time spent in the 
conditioned chamber was quantified by two independent, blinded 
scorers. Notably, animals expressing opto-a,AR showed a robust 
increase in preference for the conditioned side of the apparatus follow- 
ing optical stimulation (Fig. 4b, Supplementary Table 4). This effect of 
temporally precise biochemical modulation was reproducible across 
two separate cohorts of opto-%,AR animals (n= 5-6, P<0.05, 
Student’s t-test for each cohort for time in conditioned chamber; 
n= 11, P<0.01 for the total population), whereas the other opsin 
genes, opto-B,AR and ChR2, appeared less effective in driving 
preference (Fig. 4, Supplementary Fig. 4; Supplementary Table 4). 
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Figure 3 | In vivo optoXR modulation of neural activity. a, Optrode targeted 
to transduced accumbens for multiunit recordings. Top right, spike 
waveforms from single trace; red, average waveform. Bottom right, baseline 
firing rates for indicated construct; XFP, transduced with fluorescent 
protein (mCherry) alone. (n = 54 traces, XFP; 30 traces, opto-B2AR; 18 
traces, opto-o&,AR. Mean = s.e.m.: XFP, 2.59 + 0.44 Hz; opto-a, AR, 

2.44 + 0.60 Hz; opto-B,AR, 2.69 + 0.35 Hz; numerical data in 
Supplementary Table 2 and Supplementary Fig. 2.) b, In vivo optrode 
recordings of opto-BAR (left) and opto-«,AR (right) with light stimulation 
(blue bar). c, Change in spiking frequency with light versus baseline (opto- 
BAR: n = 30 traces from 2 animals, 5—7 traces per recording site; and opto- 
a, AR: n = 18 traces from 2 animals, 4—5 traces per recording site, two-tailed 
Student’s t-test, ***P < 0.001; numerical data in Supplementary Table 3). 
d, Firing rate change kinetics; see Supplementary Fig. 2. 


The effect of opto-%,AR stimulation in accumbens neurons was 
specific to reward-related behaviour and did not extend to direct 
modulation of anxiety-related behaviours or locomotor activity, as 
identical optical stimulation delivered to a cohort of the same animals 
in an open field test (Methods) revealed no significant effect on dis- 
tance travelled or preference for wall proximity (Fig. 4c 
Supplementary Fig. 4c). 

Previously, microbial opsin optogenetics has been developed and 
applied to achieve fast, cell-type-targeted optical control of membrane 
voltage in neurons. Beyond membrane voltage, biochemical modu- 
lation of cell populations may also contribute to the internal 
representations of behaviourally relevant brain states, both in 
excitable and in non-excitable cells. The results presented here demon- 
strate optogenetic control of intracellular signalling that is temporally 
precise, operates in vivo within behaving mammals, displays extremely 
low dark activity, and recruits the complex fabric of multiple signalling 
molecules downstream of native receptors, thereby unifying in a single 
technology many of the individual positive aspects of other 
approaches'**. A similar approach could be used to probe directly 
the causal significance of seven-transmembrane-dependent signalling 
pathways triggered by other modulators, including myriad neuro- 
transmitters and endocrine hormones’. Indeed, the optoXR approach 
could be extended beyond excitable cells to probe causal significance 
of temporally precise biochemical signalling in diverse non-excitable 
tissues, capitalizing upon the versatile integration of fibre-optic depth 
targeting with optogenetically targeted photosensitivity. 
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Figure 4 | Optical control of reward-related behaviour. a, Top left, 
stereotactic targeting of transduced region in vivo. Top right, freely moving 
mouse with implanted fibre optic. Bottom, schematic of place preference 
apparatus and test; trace of mouse freely exploring apparatus. b, Individual 
(grey) and mean (black) preference (fold increased time in conditioned 


As noted above, it will be important to carefully consider the 
phenomenon of ligand-biased signalling*”, wherein varied ligands can 
stabilize ensemble receptor conformational states and thereby bias the 
intracellular action of the receptor in coupling to alternative transduc- 
tion cascades. The optoXRs can indeed induce these alternative cascades 
to similar levels as with pharmacological manipulation (for example, 
opto-B2AR can induce similar changes in MAPK activation compared 
with native ligand acting on the wild-type B2AR; Supplementary Fig. 1b, 
top); however, individual optoXRs may not always be found to permit 
control of all of the conformational states that contribute to ligand- 
biased signalling. Retinal-based tools do provide unique advantages, 
including the presence of the endogenous chromophore in mammalian 
tissues, and the fact that these retinal-based tools display extremely low 
activity in the dark’**. Optogenetics therefore can take the form of 
diverse effectors linked to fast, single-component retinal-binding 
modules, capitalizing on the temporal precision of optics. 

In summary, the optoXR method complements microbial opsin 
strategies, providing another dimension of fast, targetable cellular 
control operative in behaving mammals. In the future, wavelength- 
shifted versions of the optoXRs, based on known opsin genes with 
different action spectra, may provide still further possibilities for 
separable channels of biochemical and electrical control. Together, 
these technologies could be integrated with fast circuit readout tech- 
nologies for increasingly sophisticated interrogation and reverse- 
engineering of neural circuitry, both in normal operation and in 
disease states**~°. 


METHODS SUMMARY 

In vivo recording and analysis. Optrodes consisting of a multi-mode optical 
fibre 200 xm in diameter (Thorlabs) coupled to a recording electrode (1 MQ 
tungsten, A-M Systems) with an electrode/fibre tip-to-tip distance of 200- 
400 um were lowered into the transduced accumbens (electrode tip 4.8- 
5.2mm below bregma) of mice placed in a stereotactic frame (David Kopf 
Instruments) and anaesthetized under isoflurane. Light from a 473nm diode 
laser (CrystaLaser) was delivered through the fibre. Electrical signals were band- 
pass filtered and amplified (0.3—1 kHz, 1800 Microelectrode AC Amplifier, A-M 
Systems) and analysed with pClamp 10.0 (Molecular Devices). Spikes were 
detected by threshold and individually confirmed by inspection. 
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chamber) (Control: injected with vehicle alone; n = 11, 13 animals per 
group; two-tailed Student’s t-test, **P < 0.01; mean + s.e.m.; numerical 
data in Supplementary Table 4). c, 15 min open field test with 10 Hz light 
stimulation. (n = 3, 4 animals per group, two-tailed Student’s t-test, n.s., not 
significant). 


Behavioural analysis. Optical stimulation was applied through an optical fibre 
(200}j1m diameter, Thor Labs) coupled to a 473 nm blue diode laser 
(CrystaLaser) and registered with a cannula targeting accumbens (0-100 pm 
from tip). Light was delivered with 50 ms pulse width for optoXRs via a function 
generator (Agilent 33220A). Place preference was conducted in a standard 
apparatus (SD Instruments) with walls between chambers removed to permit 
free exploration. Data were analysed from video for amount of time spent in each 
chamber by two independent, blinded observers using a custom tallying script 
run in MATLAB (Mathworks). For open field tests, animals were placed in a 
square open field measuring 40 X 40 cm; light stimulation was delivered with the 
same parameters as for place preference experiments. Videos were analysed using 
automated software (Viewpoint), for total time and distance in the central 
15 X 15cm square versus the outer annulus (remainder of the field). 

Statistical analysis. Where indicated, two-tailed Student’s t-tests (calculated in 
Microsoft Excel) or one-way ANOVA with Tukey post-hoc tests (GraphPad 
Prism) were used. All summary bar graphs are presented as mean + s.e.m., with 
significance denoted as follows: *P < 0.05, **P< 0.01, ***P< 0.001. 
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Natural variation in a neural globin tunes oxygen 
sensing in wild Caenorhabditis elegans 


Annelie Persson’*, Einav Gross'*, Patrick Laurent’, Karl Emanuel Busch’, Hugo Bretes' & Mario de Bono’ 


Behaviours evolve by iterations of natural selection, but we have 
few insights into the molecular and neural mechanisms involved. 
Here we show that some Caenorhabditis elegans wild strains switch 
between two foraging behaviours in response to subtle changes in 
ambient oxygen. This finely tuned switch is conferred by a naturally 
variable hexacoordinated globin, GLB-5. GLB-5 acts with the 
atypical soluble guanylate cyclases’*, which are a different type 
of oxygen binding protein, to tune the dynamic range of oxygen- 
sensing neurons close to atmospheric (21%) concentrations. 
Calcium imaging indicates that one group of these neurons is 
activated when oxygen rises towards 21%, and is inhibited as 
oxygen drops below 21%. The soluble guanylate cyclase GCY-35 
is required for high oxygen to activate the neurons; GLB-5 provides 
inhibitory input when oxygen decreases below 21%. Together, 
these oxygen binding proteins tune neuronal and behavioural 
responses to a narrow oxygen concentration range close to atmo- 
spheric levels. The effect of the glb-5 gene on oxygen sensing and 
foraging is modified by the naturally variable neuropeptide recep- 
tor npr-1 (refs 4, 5), providing insights into how polygenic variation 
reshapes neural circuit function. 

Behaviour can evolve rapidly. Even within species different popula- 
tions can show marked behavioural divergence®. Such variation is 
typically genetically complex’*. The human genetic pool contains 
millions of polymorphisms’, and twin studies suggest that human 
behavioural variation usually has a genetic component’®. However, 
unambiguously linking behavioural variation to DNA polymorphisms 
remains a challenge in any animal. 

C. elegans strains collected worldwide can show heritable foraging 
differences*"'. This is partly due to variation in a neuropeptide Y-like 
receptor, NPR-1 (ref. 4). Some strains such as N2 Bristol encode NPR-1 
215V, with valine at position 215; others, such as CB4856 Hawaii, 
encode the less potent NPR-1 215F isoform. NPR-1 modulates the 
AQR, PQR and URX neurons, which mediate avoidance of high O, 
(21-11%): C. elegans bearing npr-1 215V do not avoid high O, 
environments while feeding, whereas strains bearing npr-1 215F do*”. 

Air contains 21% O, at the Earth’s surface, but less in buried spaces 
and rotting material owing to respiration’”. We speculated that 21% O, 
is a salient reference for C. elegans, enabling surface avoidance and 
accumulation on bacteria. To test this we examined how wild strains 
feeding on Escherichia coli responded to subtle O, shifts, from 21% to 
19.2% or 17.4%. As expected’, N2 Bristol animals bearing npr-1 215V 
moved slowly on food at all three O, concentrations (Fig. la). In 
contrast, 20 wild strains bearing npr-1 215F moved rapidly in 21% O, 
but markedly decelerated at 19.2% or 17.4% Ob. Interestingly, this slow- 
ing was not observed in AX613, a strain bearing npr-1 215F in a Bristol 
background, (Fig. 1a), indicating that natural variation in genes other 
than npr-1 tunes O, responses. The slowing response was weaker when 
food was absent (Fig. 1b), suggesting that it is part of a foraging strategy. 


To investigate this variation, we crossed CB4856 Hawaii and AX613 
animals. The F; cross-progeny showed Hawaiian-like O, responses, 
indicating that this trait was dominant (Fig. 1c). We next created 
recombinant inbred lines from crosses between CB4856 and AX613, 
examined their responses to shifts from 21% to 17.4% O:, and 
genotyped them for single nucleotide polymorphisms (SNPs) between 
the Hawaiian and Bristol strains'’. These experiments highlighted an 
interval on chromosome V that, when derived from CB4856 Hawaii, 
conferred Hawaiian-like responses. By selecting recombinants in this 
interval we mapped the trait to 8 kilobases (kb) of Hawaiian DNA 
(Fig. 2a, b and Supplementary Fig. 2). This interval contained two 
genes, one of which, glb-5, had similarity to globins. Comparison of 
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Figure 1| Polygenic natural variation tunes O2 responses in wild C. elegans. 
a, Feeding C. elegans wild strains bearing npr-1 215F switch from roaming to 
dwelling when O, drops just below 21%. This response was absent in AX613, 
a laboratory strain bearing npr-1 215F in an N2 Bristol background. Apart 
from N2 and AX613, all strains shown are wild isolates bearing npr-1 215F. 
In this and subsequent figures ‘speed’ is the average speed during a 2-min 
period in which O, levels have stabilized (see Supplementary Fig. 1). Error 
bars indicate s.e.m. b, When food is absent, CB4856 Hawaii animals only 
weakly reduce movement in response to small drops in O>. The colour key is 
as in a. ¢, F; progeny of a cross between CB4856 Hawaii males and AX613 
display Hawaiian-like responses. 
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Figure 2 | Natural variation in a hexacoordinated globin sculpts C. elegans 
O2 responses. a, Recombinants (recomb) 1 and 2 map variation in the O» 
response to an 8-kb interval containing glb-5. Arrows indicate CB4856 
sequences in each recombinant chromosome. Bristol glb-5 is partially 
duplicated (two copies shown in blue and red) compared to the Hawaiian 
allele. Numbering refers to the position on chromosome V. b, Recombinant 1 
does not display Hawaiian-like O, responses whereas recombinant 2 does. 
c, Transgenes of glb-5(Haw) confer Hawaiian-like responses to npr-1(ad609) 
mutants. Error bars indicate s.e.m. d, e, GLB-5 absorbance spectra. The blue 
line represents ferric GLB-5; red and black lines represent ferrous GLB-5 at 
the beginning and end of a ferrous—ferric_ferrous oxidation—reduction cycle. 


N2 and CB4856 sequences in the 8 kb revealed 11 polymorphisms, all in 
glb-5. Ten SNPs altered introns; the remaining polymorphism partially 
duplicated glb-5 in N2 but not in CB4856 (Fig. 2a). We repeatedly 
found N2 versions of the ten intronic SNPs in wild strains exhibiting 
Hawaiian-like O, responses (Fig. la and Supplementary Table 2); by 
contrast, all 20 wild strains with Hawaiian-like O2 responses carried 
unduplicated glb-5 (Fig. la and Supplementary Table 1). These results 
indicate that variation in glb-5 reconfigures O, responses in wild 
C. elegans, and that the causal polymorphism is the duplication. We 
confirmed that the Hawaiian glb-5 allele, glb-5( Haw), was sufficient to 
confer Hawaiian-like O2 responses by expressing this variant from its 
endogenous promoter in N2 animals defective in npr-1 (Fig. 2c). 

The N2 allele of glb-5, glb-5(Bri), was recessive to glb-5( Haw) 
(Fig. 1c). To investigate why, we isolated complementary DNAs from 
both alleles. Whereas PCR with reverse transcription (RT-PCR) from 
CB4856 RNA yielded one glb-5 cDNA product, N2 RNA yielded two 
additional products encoding truncated proteins (Supplementary 
Fig. 3). This suggests that the duplication in glb-5( Bri) reduces gene 
function by interfering with correct splicing. 

Globins vary considerably in sequence but typically conserve the 
proximal and distal histidines in helices F and E, the phenylalanine 
in the CD region, and the proline in helix C™*. GLB-5 conserves all these 
residues (Supplementary Fig. 4). To establish GLB-5 as a haem-binding 
globin, we expressed it in E. coli tagged with maltose binding protein 
(MBP) or polyhistidine. MBP—GLB-5 could be purified as a soluble 
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red-brown protein (Supplementary Fig. 5a); His-tagged GLB-5 
localized to inclusion bodies but could be reconstituted with haem 
in vitro (Supplementary Fig. 5b, c). For both proteins, the absorption 
spectrum of the deoxygenated ferrous form resembled that of hexa- 
coordinated globins such as human neuroglobin and cytoglobin”’, 
with absorption peaks at 423, 559 and 529 nm (Soret, « and B band 
peaks, respectively) (Fig. 2d, e and Supplementary Fig. 5c). Like mam- 
malian neuroglobins, GLB-5 rapidly oxidized to a ferric form after 
binding O;, but could be reduced to its ferrous state by NADH enzy- 
matic reduction’®. These data suggest GLB-5 is a hexacoordinated 
globin that reversibly binds O,. 

To determine where glb-5 is expressed, we fused DNA encoding 
mCherry fluorescent protein upstream of the glb-5 stop codon in a 
genomic fragment, and introduced the construct into npr-1 mutants. 
The transgene conferred Hawaiian-like O, responses to these animals 
(Figs 2c and 3e, f), and gave strong fluorescence in six neurons: URXL/ 
R, AQR/PQR and BAGL/R (Fig. 3a—d). Like AQR, PQR and URX, the 
BAG neurons may be involved in O) sensing as they express the 
atypical soluble guanylate cyclases GCY-31 and GCY-33 (ref. 17) 
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Figure 3 | glb-5 acts in O2 sensing neurons. a—d, glb-5 is expressed in the 
URX (a), AQR (b), PQR (c) and BAG (d) neurons. Original magnification 
for all images, < 100. e, Selective expression of glb-5(Haw) in the AQR, PQR 
and URX neurons sensitizes npr-1 animals to O variation around 21%. 
pgcy-32 drives expression in the AQR, PQR and URX neurons; pgcy-33 in 
BAG, pmyo-2 in the pharynx, and pvha-6 in the intestine. f, npr-1 and glb-5 
natural alleles interact to sculpt O, responses. All strains except CB4856 have 
an N2 genetic background. g, h, Ablating the AQR, PQR and URX neurons 
or mutating gcy-35 disrupts the affect of glb-5(Haw) on Op responses. All 
error bars indicate s.e.m. 
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(Wormbase). We also observed fluorescence in the pharynx, intestine, 
coelomocytes, uv2 vulval cells and the excretory cell (data not shown). 

To establish where GLB-5 functions, we expressed its cDNA 
specifically in the AQR, PQR and URX neurons, in the BAG neurons, 
in the pharynx, or in the intestine. We monitored transgene express- 
ion by co-expressing green fluorescent protein (GFP) or mCherry in 
a polycistronic message. Expression in the AQR, PQR and URX 
neurons conferred Hawaiian-like slowing responses to npr-1 mutants 
(Fig. 3e). Expression in other cells did not have significant effects in 
our assay. These data suggest glb-5 acts in the AQR, PQR and URX 
neurons to tune O, responses. 

We next investigated how different allelic combinations of glb-5 and 
npr-1 alter locomotory behaviour across a broad range of O) tensions, 
from 21% to 8.4% (Fig. 3f). To maintain a constant genetic background 
we backcrossed all Hawaiian alleles ten times into N2. For comparison 
we included the strong loss-of-function allele npr-1(ad609). Animals 
bearing mpr-1 215V settled on food, irrespective of O2 concentration 
and glb-5 genotype. In contrast animals bearing npr-1 215F roamed in 
21% O>. However whereas glb-5( Haw); npr-1 215F and glb-5( Haw); 
npr-1(ad609) animals suppressed movement at 19.2% O35, glb-5(Bri); 
npr-1 215F animals only reduced movement gradually as O2 dropped. 
Thus npr-1 215F allows feeding animals to increase movement when O, 
rises, whereas glb-5( Haw) permits sharp suppression of movement when 
O, falls just below 21%. 

To probe the role of the AQR, PQR and URX neurons in regulating 
locomotion we selectively ablated them using the cell death gene egl-1 
(ref. 18). Ablated npr-1(ad609) animals displayed intermediate loco- 
motory activity on food at 21% On, irrespective of glb-5 genotype, 
and weak slowing as O, fell to 8.4% (Fig. 3g). These data confirm that 
the AQR, PQR and URX neurons regulate locomotory activity, but 
suggest that other Oj-sensing neurons also contribute. 

Apart from expressing GLB-5, the AQR, PQR and URX neurons 
express putative atypical soluble guanylate cyclases composed of 
GCY-35 and GCY-36 subunits that seem to be O, sensors’ *!”"°. 
We investigated their relationship to glb-5 by studying single and 
multiple mutants. Irrespective of glb-5 genotype, npr-1 animals lack- 
ing gcy-35, gcy-36 or both behaved like animals lacking AQR, PQR 
and URX neurons (Fig. 3h and data not shown). Thus, gcy-35 and 
gcy-36 seem to be required for the glb-5( Haw) allele to exert its affect 
on locomotory behaviour in our model. 

To study the physiological responses of the AQR, PQR and URX 
neurons to O, we developed a microfluidic device that allowing gas 
stimuli to be switched in less than 3s (Fig. 4a, b and Supplementary 
Fig. 6). We placed the device over immobilized npr-1(ad609) animals 
expressing the ratiometric Ca** sensor cameleon YC3.60 in AQR, PQR 
and URX, and measured yellow fluorescent protein (YFP) to cyan 
fluorescent protein (CFP) emission ratios while delivering different 
O, stimuli. All three neurons responded to a rise from 7 to 21% O35 
with an increase in the YEP/CEP ratio, indicative of Ca** influx 
(Fig. 4c-e). In URX neurons cameleon reported a Ca” spike followed 
by a smaller Ca** plateau that perdured while O, was at 21%. In AQR 
and PQR neurons the strong Ca’ rise plateaued and remained high for 
the 2 min O, remained at 21% (Fig. 4d, e). O2 responses were graded: 
higher O, elicited higher ratio changes (Fig. 4g). Furthermore, when O, 
levels decreased all three neurons responded with a drop in Ca?* 
(Fig. 4c—e). 

Loss of the gcy-35 soluble guanylate cyclase or of tax-4, which encodes 
a cyclic-GMP-gated ion channel subunit expressed in AQR, PQR and 
URX?*, disrupted Ca** responses to both rises and falls in O> (Fig. 4f 
and data not shown). These results indicate that rising O, activates 
soluble guanylate cyclases, leading to increased cGMP and depolariza- 
tion through the gating of a cGMP channel that includes TAX-4. 

To study how natural variation in glb-5 alters neuronal O2 responses 
we gave glb-5( Haw); npr-1 and glb-5( Bri); npr-1 animals expressing the 
same cameleon transgene a series of O, stimuli and compared ratio 
changes in the PQR neurons between the two strains. Responses to 
switches from 21% to 11% or 7% O, were not significantly different 
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Figure 4 | Responses of O, sensing neurons. a, Microfluidic chamber used 
to deliver gas stimuli. O, valve open; X, valve closed. b, O2 stimuli measured 
in the chamber using an optode. Two traces, red and black, are overlayed to 
indicate stimulus reproducibility. e-g, Ca” transients in response to O2 
stimuli measured using cameleon YC3.60. Grey error bars represent s.e.m. 
c, Averaged Ca’* transients in URX neurons. d, Representative trace 
showing Ca’* transients in AQR and indicating reciprocal changes in YFP 
and CFP fluorescence intensity. e, Averaged Ca”* transients in PQR 
neurons. f, Mutations in gcy-35 disrupt Ca** transients in PQR. g, glb- 
5(Haw); npr-1 animals respond more sharply when O, drops slightly below 
21% than control npr-1 animals bearing glb-5(Bri). *P < 0.05; 

***P < 0.001. h, Model for Oz sensing in AQR, PQR and URX neurons. 


(Fig. 4f, g and data not shown). However, Ca’* fell significantly more 
in glb-1(Haw); npr-1 animals than in glb-5(Bri); npr-1 animals when 
they experienced a switch from 21-20% or 21-19% O53. These data 
mirror our behavioural results and suggest that high GLB-5 activity 
inhibits neuronal activation when O) falls below 21%, tuning the 
dynamic range of PQR to a narrow interval just below 21% O3. 

To investigate the evolutionary history of glb-5 we examined its 
orthologues in Caenorhabditis brenneri, Caenorhabditis briggsae and 
Caenorhabditis remanei (Supplementary Table 3). All encoded undu- 
plicated glb-5 genes, suggesting that glb-5(Bri) arose in C. elegans 
from glb-5(Haw) as a reduction-of-function mutation. These 
Caenorhabditis species, as well as the as yet unnamed species C. sp3 
and C. spn. (see Wormbase), also reduced movement when shifted 
from 21% to 17.4% O, (Supplementary Fig. 7a). 

To determine the distribution of glb-5 and npr-1 allelic combina- 
tions in natural C. elegans populations, we genotyped 98 wild isolates 
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(Supplementary Fig. 7b and Supplementary Table 1). Ninety had the 
Hawaiian-like combination, 7 were Bristol-like and one encoded glb- 
5(Haw); npr-1 215V. None bore the glb-5( Bri); npr-1 215F combina- 
tion. Because glb-5 and npr-1 are on different chromosomes, these 
co-inheritance patterns could reflect low interbreeding between 
Bristol-like and Hawaiian-like foraging types, co-selection of glb-5 
and npr-1 alleles, or both. 

To conclude, vertebrate and invertebrate genomes encode hexacoor- 
dinated globins, but their function is mysterious. GLB-5, a C. elegans 
hexacoordinated globin, participates in O2 sensing. We propose that 
high O, stimulates cGMP production from atypical soluble guanylate 
cyclases expressed in AQR, PQR and URX neurons, activating cGMP- 
gated ion channels and depolarizing these neurons (Fig. 4h). A different 
type of O2 sensor, GLB-5, inhibits these neurons when O) falls below 
21%. A similar system of multiple sensors may generate the sharply 
tuned O) responses observed in different mammalian tissues”. It will be 
interesting to examine whether mammalian neuroglobin or cytoglobin 
act as O> sensors and regulators of cGMP signalling. 

Globins could regulate O, sensing as O, buffers, O, sinks or as 
signalling molecules. It seems unlikely that GLB-5 acts as an O, buffer 
in AQR, PQR and URX neurons as this would dull, not sharpen, Oy 
responsiveness. GLB-5 is also unlikely to act as a passive O; sink, 
because diffusion from the atmosphere should render the sink inef- 
fective. We favour a signalling model in which varying O, triggers 
conformational changes that modulate downstream signalling mole- 
cules. A precedent exists in O2-sensing bacterial globins”’. Interestingly, 
vertebrate neuroglobin binds to G proteins in its ferric state*””?. GLB-5 
has an extra domain apart from the globin domain that could act as an 
adaptor, specify subcellular localization, or transduce conformational 
changes. Notably, the C. elegans genome encodes 33 putative globins™. 
Some of these are neurally expressed, potentially adding further com- 
plexity to the O, responses of C. elegans. 

Natural variation in glb-5 and npr-1 modulate the same neurons in 
different ways. Iterative modification of the same neural circuit may 
be common in evolution. By reconfiguring responses to food and O 
these loci may alter habitat preferences, resulting in balancing selec- 
tion maintaining different feeding types. 


METHODS SUMMARY 

Strains. Except were indicated, nematodes were grown under standard condi- 
tions’’. Strains used are listed in Methods. We refer to the Hawaiian allele of glb-5 
as glb-5( Haw) for clarity, but its formal allele designation is glb-5(db200). 
Behaviour. Assays of locomotory activity were carried out as described*””. 
Oxygen was monitored using a microsensor or an optode (Presens). 
Behavioural data represent the mean of >three assays, carried out on three 
different days. Significance was determined using the two-tailed t-test. 
Biochemistry and spectroscopy. Expression and purification of GLB-5 are 
described in Methods. In brief, Hisg- or MBP-tagged GLB-5 was expressed in 
E. coli and purified to >95% purity and absorption spectra measured using a 
Varian Cary 50 Bio spectrophotometer. 

Calcium imaging. A pgcy-32::yellow cameleon 3.60 transgene was used for ratio- 
metric imaging of relative [Ca**] in the URX, AQR and PQR cell bodies. General 
guidelines for image acquisition were as described’. Specific guidelines for 
image acquisition and data analysis are described in Methods. Adults (24h 
post-L4 stage) were immobilized using surgical glue (Nexaband S/C, Abbott 
Labs). Animals were covered by the long arm of the microfluidic Y-chamber 
(Fig. 4a) and the desired O,:N, mixture was pumped in at a constant flow of 
1.45 ml min |. All recordings started within 5 min of animals being glued, and 
1 min after the start of pumping. 

Molecular biology. General molecular manipulations followed standard proto- 
cols’’. Details for plasmid construction are in Methods. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Strains. Double-mutant strains were created by following visible phenotypes or by 
using PCR to confirm genotypes. Strains made or used in this study include: C. 
elegans wild isolates: See Supplementary Table 1. Non-C. elegans wild isolates: 
AF16, BW288, PS1185, PS1186, VT847, EM464, PB227, PB228, PB229, SB129, 
PS1010, RGD1, RGD2, JU272 and CB5161. Mutant strains: All strains are in the N2 
Bristol background unless otherwise indicated. AX204, npr-1(ad609) X; AX215, 
npr-1(ad609) lin-15(n765ts) X; AX266, unc-46(e177) dpy-11(e224) V, npr-1 
(ad609) X; AX296, dpy-11(e224) unc-76(e911) V, npr-1(ad609) X; AX613, 
npr-1(g320) X; AX1891, glb-5(Haw) V; npr-1(ad609) X; AX1796, glb-5(Haw) V; 
npr-1(g320) X; AX1797, glb-5(Haw) V; AX1103, npr-1(ad609) gcy-36(db42) X; 
AX1198, gcy-35(0k769) I; npr-1(ad609) X; AX1848, gcy-35(0k765) I; glb-5 (Haw) 
V; npr-1(ad609) X; AX1904, npr-1(ad609) qals2241[pgcy-36::egl-1 + pgcy- 
35::gfpt lin-15(+)] X; AX1918, glb-5(Haw) V; npr-1(ad609) qals2241[pgcy- 


36:egl-1 +p  gcy-35::gfpt+lin-15(+)] X. Transgenic strains: AX1911, 
npr-1(ad609)_ lin-15(n765) X; dbEx [myo-2:glb-5(Haw)::polycis GFP + 
lin-15(+)];  AX1912,  mpr-1(ad609) —lin-15(n765) -X; ~~ dbEx|glb-5:glb- 


5(Haw)::polycis GFP + lin-15(+)j; AX1913, npr-1(ad609) lin-15(n765) X; 
dbEx|gcy-32:cglb-5(HAW)::polycis GFP, lin-15(+)]; AX1914, npr-1(ad609) 
lin-15(n765) X; dbEx[vha-6:genomic glb-5(Haw)::polycis mCherry + lin-15(+) J; 
AX1916, npr-1(ad609) lin-15(n765) X; dbEx[gcy-33:genomic glb-5( Haw)::polycis 
mCherry + lin-15(+) ]; AX1917, npr-1(ad609) lin-15(n765) X; dbEx|glb-5:genomic 
glb-5(Haw) H144Stop::polycis mCherry + lin-15(+)]; AX1846, npr-1(ad609) 
lin-15(n765) X, dbEx|[glb-5:genomic glb-5(Haw)::polycis mCherry + lin-15(+)]. 
Imaging strains: AX1864, npr-1(ad609) lin-15(n765ts) X; dbEx[pgcy-32::YC3.60 
+  lin-15(+)]; AX1907, dbEx[pgcy-32::YC3.60 +  lin-15(+)J; AX1908, 
glb-5(Haw) V; npr-1(ad609) X; dbEx[pgcy-32::YC3.60 +lin-15(+)]; AX1909, 
gcy-35(0k765) I; mpr-1(ad609) lin-15(n765ts) X; dbEx[pgcy-32::YC3.60 + 
lin-15(+); AX1910, tax-4(p678) III, npr-1(ad609) lin-15(n765ts) X, dbEx[pgcy- 
32::¥C3.60 + lin-15(+)]. 

Genetics. To map glb-5( Haw) finely, we picked 265 Unc-non-Dpy and Dpy- 
non-Unce recombinant progeny from unc-46 glb-5(Bri) dpy-11/+(Haw) glb- 
5(Haw) +(Haw); npr-1(ad609) animals and in the next generation selected 
animals homozygous for the recombinant chromosome. To determine whether 
the recombinants bore the dominant glb-5( Haw) allele we mated them with npr- 
1(ad609) males and assayed the responses of their progeny to a switch from 21% 
to 17.4% O. Recombinants were genotyped using SNPs between the N2 and 
CB4856 strains that are described in Wormbase (Fig. 2a, b and Supplementary 
Fig. 2). 

Molecular biology. Genotyping natural isolates: The presence or absence of a 
duplication in glb-5 was determined by examining the size of PCR fragments 
amplified with primers that flank the duplication. The genotype at npr-1 was 
determined by amplifying the interval flanking the polymorphic mpr-1 codon 
215, and sequencing. 

glb-5(Bri) and glb-5(Haw) cDNA: We extracted total RNA from N2 and 
CB4856 animals by vortexing with Trizol and acid-washed glass beads. RNA 
was further purified using an RNeasy Midi Kit (Qiagen). cDNAs were generated 
by RT-PCR (OneStep RT-PCR kit, Qiagen). Oligonucleotides were designed on 
the basis of the predicted C18C4.1 gene sequences in Wormbase. Attempts to 
amplify the predicted full-length C18C4.1a gene product using 5’ oligonucleo- 
tides that anneal to various starting points in exon 1, failed. However, the full- 
length C18C4.1b gene product could be amplified readily. The resulting cDNAs 
were cloned into pDrive cloning vector (Qiagen) and sequenced. 

Transgenes: Genomic DNA from CB4856 was used to amplify the glb-5( Haw) 
gene, including 3 kb of upstream sequences. The genomic fragment was cloned 
into pPD95.75 (A. Fire, personal communication), and then modified by adding 
an outron-mCherry fragment to make a polycistronic expression vector, as 
described’. This expression construct was modified to create other expression 
constructs. To create a glb-5( Haw) cDNA expression construct, the genomic part 
of the glb-5(Haw) gene was replaced with cDNA. To disrupt the glb-5( Haw) 
open reading frame we changed the conserved His in exon 6 into a stop codon, 
using the QuikChange II XL Site-Directed Mutagenesis Kit (Stratagene). To 
create expression constructs that express glb-5(Haw) in the intestine or in 
BAG neurons, the promoter region of glb-5( Haw) was replaced with the 2.8- 
kb or the 1.0-kb promoter of vha-6 (ref. 28) and gcy-33, respectively’’. To drive 
expression of glb-5( Haw) in the AQR, PQR and URX neurons or in the pharynx, 
the coding region of glb-5( Haw) was inserted using Gateway into a GFP poly- 
cistronic expression vector that contained a 0.7-kb or 1.2-kb promoter region of 
gcy-32 (ref. 17) or myo-2 (ref. 29), respectively. Unless otherwise mentioned, 25— 
50 ng ul | of the above expression constructs was microinjected into the gonads 
of npr-1(ad609) lin-15(n765ts) X hermaphrodites, together with 50ng wl! 
pJMZ-lin-15, following standard methods”. 

Biochemistry of GLB-5. cDNA for glb-5( Haw) was generated by RT-PCR from 
total RNA isolated from the CB4856 strain and cloned into the bacterial expression 
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plasmids pET-28a (Novagen) and pMAL-c2X (NEB). The resulting constructs 
lacked the first two amino acids of GLB-5 (see Wormbase open reading frame 
C18C4.1a for the sequence) and had either a carboxy-terminal Hiss affinity tag or 
an amino-terminal MBP tag. The expression constructs were transformed into 
BL21-CodonPlus(DE3)-RIL (Stratagene) bacteria and fresh colonies used to 
inoculate M9-ZB medium containing 0.4% (w/v) glucose, 50 mg]! kanamycin, 
or 50mg! ampicillin and 30 mg! chloramphenicol. Cultures were grown at 
37 °C to an Agoo optical density of 0.3-0.4, after which the temperature was 
reduced to 23 °C. At this stage, when expressing MBP-GLB-5, haemin chloride 
(Sigma) was added to a final concentration of 30 mg1~ ' When the Agog reached 
0.7-0.8 the cultures were brought up to 0.1 mM IPTG. After a further 16-18 h, 
cells were collected by centrifugation and stored at —80 °C. To purify MBP-GLB- 
5, cells were thawed on ice, resuspended in lysis buffer (25 mM Tris-HCl, pH 8.0, 
150 mM NaCl, 0.5 mM EDTA, pH 7.4, and complete, EDTA-free protease inhib- 
itor cocktail (Roche)), and treated twice with an Emulsiflex-C5 high-pressure 
homogenizer at 15,000—20,000 p.s.i. (pounds per square inch). The resulted cell 
lysate was centrifuged for 30 min at 33,000g and the soluble fraction was mixed 
with amylose resin (NEB) at 4 °C. After 2h the resin was transferred into a 
column, washed with ten column volumes of lysis buffer, and eluted with the 
same buffer supplemented with 10 mM maltose. Cells expressing GLB-5 (HA)- 
His, were lysed, and centrifuged as described earlier. The cell pellet was resus- 
pended in wash buffer (50 mM Tris-HCl, pH 8.3, 1 % (w/v) Triton X-100). After 
20-min incubation on ice, the cell lysate was centrifuged again under the same 
conditions and the washing step was repeated twice more. Cell pellets were 
resuspended in Milli-Q water and centrifuged under the same conditions. This 
step was repeated twice. The resulting pellet was resuspended in solubilizing 
buffer (50mM CAPS (pH 11.0), 300mM NaCl, 0.3 % (w/v) Sarkosyl, and 
2.5mM dithiothreitol (DTT)). After a 2-h incubation at room temperature on 
a roller platform, insoluble debris was removed by centrifugation (30 min at 
16,500 r.p.m.). The soluble fraction was applied to Ni-NTA beads (Qiagen) 
and the protein:bead mixture incubated at 4 °C as described earlier. After 4h 
the beads were collected by centrifugation, loaded into a column, and washed 
with five column volumes of solubilizing buffer supplemented with 5 mM imi- 
dazol (pH 8.0). Protein was eluted with 300 mM imidazol in the same buffer. The 
eluted protein was dialysed extensively against reconstitution buffer (200 mM 
potassium phosphate, pH 8.0, 10 % (v/v) glycerol, 0.5mM EDTA and 10mM 
DTT) at 4 °C. Fresh haem solution was made by dissolving haemin (Sigma) in a 
minimum amount of 0.1M of potassium hydroxide and diluting it with 25 
volumes of reconstitution buffer. Insoluble haemin was removed by filtration 
(0.2 um) and the concentration of the haem solution estimated using an extinc- 
tion coefficient of €399 = 50 mM _ ‘cm | in 2% borate buffer*!. 0.3 M equivalents 
of haem were added to the protein solution while stirring on ice in a hypoxia 
chamber (Coy Laboratories) to a final 1.2 M excess of haem. Removal of non- 
incorporated haem and buffer exchange (to spectroscopy buffer, 50 mM _pot- 
assium phosphate buffer (pH 8.0), 150mM sodium chloride and 0.5mM 
EDTA) were done by gel filtration chromatography. The monomeric fraction 
(as determined by analytical gel filtration using Superose 6 and broad range 
protein standards (Sigma)) was concentrated and used for spectroscopic mea- 
surements. The recombinant GLB-5 had an apparent purity of 95% as judged by 
SDS-PAGE (4-12% gradient, Novagene). 

Spectroscopy. All experiments were done in spectroscopy buffer (see earlier). 
Absorption spectra were measured using a Varian Cary 50 Bio spectropho- 
tometer. MBP-GLB-5 or GLB-5-His, protein was added to an anaerobic quartz 
cuvette (Helma) in its oxidized ferric form and spectra recorded. Dithionite was 
then added under argon to a final concentration of 1 mM and the deoxy ferrous 
spectra recorded. To demonstrate the ferric—ferrous cycle under physiological 
conditions, 5 ,tM ferric GLB-5 was incubated with an enzymatic reduction 
system from E.coli'® in the presence of 0.5mM NADH (Sigma), 200U ml! 
glucose oxidase (Sigma), and 4mM glucose. An absorption spectrum (ferrous) 
was recorded after a 20-min incubation. The cuvette was opened to air for 5 min, 
and another spectrum (ferric) was recorded. The cuvette was then closed, and 
after 15 min a further spectrum (ferrous) was recorded. 

Calcium imaging. General guidelines for image acquisition and data analysis 
were described previously’®. In brief, time-lapse image data were acquired 
through an agar pad using a X 40 C-Apochromat lens on an inverted compound 
microscope (Axiovert, Zeiss), with the Metamorph recording software 
(Molecular Devices). Photobleaching was limited by using a 2.0 optical-density 
filter and a shutter to limit exposure time to 100 ms per frame. An excitation filter 
(Chroma) restricted illumination to the cyan channel. A beam splitter (Optical 
insights) was used to separate the cyan and yellow emission light. The ratio of the 
background-subtracted fluorescence in the CFP and YFP channels emitted from 
the two cameleon fluorophores was calculated with Jmalyze. Results were pro- 
cessed in Matlab and Excel. All movies were captured at 2 frames per s. 
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To monitor O2 changes in the microfluidic chamber (Supplementary Fig. 7) 
we used an oxygen optode (Presens), which measures absolute O, concentra- 
tions using lifetime-based luminescence quenching. This method does not con- 
sume O3. The optode spot was cut to fit into the Y-chamber channel. 

Quantification: PQR cell bodies were recorded for 2 min at each O, concen- 
tration in two sets of experiments. In the first set we used a 21-7—21—7-21% O, 
serial change, in the second set we used a 21—20—21-19-21-7-21% Oy serial 
change. The first set was used to characterize responses of neurons in N2, npr- 
1, gcy-35; npr-1 and tax-4; npr-1 animals; the second was used to compare the 
dynamic range of npr-1 and npr-1; glb-5 animals. Error bars represent s.e.m.; 
statistical significance was calculated using ¢tests. 

Cell identification. Microscopy was carried out ona Zeiss Axioskop using a Neo- 
Fluar X 100 NA1.4 lens. The position of the cell body was used to identify neu- 
rons. GFP markers were used to confirm neuronal identities: animals carrying a 
functional glb-5(HA)::mCherry operon were crossed with strains expressing GFP 
from the gcy-37 (AQR, PQR, URX) or gcy-33 (BAG) promoter, respectively. 

Modelling GLB-5 structure. The 3D-Pssm and Phyre programs” were used to find 
proteins with a fold similar to GLB-5. The best match was the rice non-symbiotic 
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haemoglobin. This was used as a template to generate a three-dimensional model of 
the glb-5 globin domain in the SWISS-MODEL program”. 
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Although there has been great progress in treating human 
immunodeficiency virus 1 (HIV-1) infection’, preventing trans- 
mission has thus far proven an elusive goal. Indeed, recent trials of 
a candidate vaccine and microbicide have been disappointing, 
both for want of efficacy and concerns about increased rates of 
transmission” *. Nonetheless, studies of vaginal transmission in 
the simian immunodeficiency virus (SIV)-rhesus macaque 
(Macacca mulatta) model point to opportunities at the earliest 
stages of infection in which a vaccine or microbicide might be 
protective, by limiting the expansion of infected founder popula- 
tions at the portal of entry”. Here we show in this SIV-macaque 
model, that an outside-in endocervical mucosal signalling system, 
involving MIP-3a. (also known as CCL20), plasmacytoid dendritic 
cells and CCR5* cell-attracting chemokines produced by these 
cells, in combination with the innate immune and inflammatory 
responses to infection in both cervix and vagina, recruits CD4* T 
cells to fuel this obligate expansion. We then show that glycerol 
monolaurate—a widely used antimicrobial compound’ with 
inhibitory activity against the production of MIP-3a and other 
proinflammatory cytokines*—can inhibit mucosal signalling and 
the innate and inflammatory response to HIV-1 and SIV in vitro, 
and in vivo it can protect rhesus macaques from acute infection 
despite repeated intra-vaginal exposure to high doses of SIV. This 
new approach, plausibly linked to interfering with innate host 
responses that recruit the target cells necessary to establish 
systemic infection, opens a promising new avenue for the develop- 
ment of effective interventions to block HIV-1 mucosal transmission. 

To understand how SIV infection in a small founder population of 
cells at the portal of entry transitions in less than two weeks to systemic 
infection, with massive levels of viral replication and depletion of gut 
CD4* T cells®**!°, we analysed the anatomical and temporal expan- 
sion of these small founder cell populations. We created atlases of the 
numbers and locations of SIV RNA“ cells detected by in situ hybridiz- 
ation in cervical and vaginal tissues from animals at 4-10 days post- 
inoculation (d.p.i.), with the rationale that by locating sites that 
initially had the largest numbers of infected cells, and then determin- 
ing how infection expanded and spread from these infected founder 
populations, we would gain insight into the sites of virus entry and 
subsequent events underlying the expansion on which systemic infec- 
tion depends. 

In screening 20—40 sections of cervical and vaginal tissues from 
each animal in this 4-10 d.p.i. time frame, we identified sections with 


SIV RNA‘ cells in nine animals, and in each animal we found one 
predominant focus of infected cells in the endocervix. There were 
further clusters of infected cells in the transformation zone (the junc- 
tion of ecto- and endocervix) adjoining the endocervical and vaginal 
foci in three animals. We illustrate at the bottom of Fig. la the 
thumbnail representative images of the montages created from the 
captured images of sections from these animals, and in Fig. 1b a small 
cluster of SIV RNA" cells found at 4d.p.i. only in endocervix, and 
then in 1 out of 40 sections in one isolated area, as reported previ- 
ously®. We mapped onto a two-dimensional grid the positions of cell 
centres (centroids) of SIV RNA® cells in this focus (Fig. Ic), and 
predominant foci at 6-10 d.p.i. that were again found in endocervix. 

These atlases showed that infection expands by accretion of new 
infections around an initial cluster of infected cells in endocervix, 
rather than by diffuse spread of infection in the submucosa, and that 
the successive influxes of new CD4™ T target cells in inflammatory 
infiltrates fuel local expansion. The marked growth of SIV RNA* 
clusters is evident from comparisons of the map dimensions from 
4 to 10d.p.i. (Fig. 1d, e and Supplementary Fig. la—c), and from the 
growth of clusters amid inflammatory cell infiltrates at 6d-p.i. 
(Fig. 1f), in which SIV RNA® cells are located among dark staining 
nuclei of cells in inflammatory infiltrates. These focal infiltrates con- 
tained increased numbers of CD4* T cells compared to uninfected 
animals or at 1 d.p.i., and were apparent at 4d.p.i. (Fig. 2a-c and 
Supplementary Fig. 2). Virtually all of the infected cells were 
CD3* CD4* T cells (Fig. 2d). 

The isolated focus at 4d.p.i. seemed unlikely by itself to have 
induced such an extensive influx of CD4* T cells, and indeed we 
found evidence implicating endocervical epithelium and plasmacy- 
toid dendritic cells (pDCs) in the initial recruitment of target cells to 
the endocervical submucosa. We had previously stained these tissues 
for a pDC marker'', CD123 (also known as IL3RA), to investigate the 
possible role of pDCs in a ‘premature’ T-regulatory response to 
infection”, and now noted areas with CD123* pDCs aligned just 
beneath the endocervical epithelium. These subepithelial pDC col- 
lections were observed at 1 d.p.i., and were not seen in the same 
numbers or location in uninfected animals (Fig. 3a—c). The pDCs 
also stained positive for the specific marker BDCA2 (also known as 
CLEC4C)"' (data not shown), were strongly positive for interferons « 
(Fig. 3d) and B (data not shown), and expressed the CCR5* cell- 
attracting chemokines MIP-1o (CCL3) and MIP-1B (CCL4) (Fig. 3e), 
which could thus serve as one mechanism to quickly recruit CD4* T 
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Figure 1| Mapping early expansion of infection in endocervix. SIV RNA‘ 
cells appear black in transmitted light, green in reflected light and in maps. 
a-c, The arrow from the thumbnail montage images (bottom of a) of cervix 
and vagina (4-10 d.p.i.) points to an enlarged image and map of a single 

focus (box) of SIV RNA‘ cells in endocervix (4 d.p.i.). Anticlockwise-rotated 


cells to the endocervix. We also found increased expression at 1 and 
3 d.p.i. of cervical MIP-30, the principal chemokine known to induce 
pDC migration and T cells into peripheral issues’, in microarray 
comparisons of uninfected and infected animals (Supplementary 
Table 1), and increased MIP-3 staining in endocervical epithelium 
(Fig. 3f). These findings demonstrate an outside-in signalling path- 
way triggered by exposure to the viral inoculum that recruits pDCs 
and T cells to create an environment rich in target cells at the sites of 
initial infection. 


LETTERS 


Centroidx » 
iS} 
a 


ny 
2 
° 


0 \ 
0.0 647.5 1295.0 1942.5 2590) 
Centroid y 


Centroid x 
4465.0 


Centroidy ¥& 
8 
a 


a 
a 
Ss 
a 
=) 


image of focus (box) (b) and map of x, y coordinates (jum) (c) of cell 
centroids to the right. d, e, Endocervical focus (d) and map (e) (7 d.p.i.) are 
shown. f, Endocervical focus (6 d.p.i.) SIV RNA‘ cells (green) are 
concentrated in an inflammatory infiltrate (cells with dark staining nuclei). 
Original magnification for all images, < 10. 


This initial influx of CD4* T cells was followed by a secondary 
inflammatory process, probably driven by RANTES and other 
chemokine-producing cells within inflammatory infiltrates (Supple- 
mentary Fig. 3), in which SIV RNA cells were clearly concentrated at 
10d.p.i. (Supplementary Fig. 1d). Unlike endocervix, we saw no 
evidence for a signalling pathway capable of recruiting additional 
CD4* T cells in the foci of SIV RNA* cells in the transformation zone 
and vagina in three animals. However, an inflammatory response 
provided susceptible target cells for expansion of the infection at these 
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Figure 2 | Influx and infection of CD4* T cells in cervix in early infection. 
a—c, Sections stained with anti-CD4 antibody. Note the relative paucity of 
CD4* cells in an SIV™ (negative animal) (a), or an SIV-inoculated animal 
1 d.p.i. (b), compared to increased numbers of CD4* cells seen in an infected 
animal at 4 d.p.i. (c). d, SIV RNA‘ cells in infiltrates are CD3* T cells. 
Encircled SIV RNA® cells (overlying black silver grains) are stained brown 
with anti-CD3. Original magnification, 10 (a—c) and X20 (d). 


sites as well, because infected cells (Supplementary Fig. 4a) were 
7 7 = eet ae 7 

generally in areas of inflammation containing IL-8" cells, with asso- 
ciated epithelial thinning and disruption (Supplementary Fig. 4b, c). 
Thus, inflammation with increases in susceptible target populations is 
the common denominator across sites. 

The importance of the innate immune and inflammatory response in 
providing new target cells for local expansion and systemic dissemination 
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Figure 3 | pDCs, cytokines and chemokines associated with endocervical 
epithelium after exposure to SIV. a, Uninfected animal, original 
magnification X10. b, c, Rapid accumulation of pDCs beneath endocervical 
epithelium at 1 d.p.i. shown at X10 (b) and X40 (ce) original magnifications. 
pDCs stained brown with anti-CD123 antibody. Arrow in ¢ points to the 
location of pDCs beneath the epithelium. d, e, Arrows point to subepithelial 
pDCs stained red with anti-interferon-« antibody at 1 d.p.i. (d, X20 
magnification) or with anti-MIP-18 antibody (e, X10 magnification). 

f, Arrow points to MIP-3a~ endocervical epithelium (red) at 1 d-p.i. Original 
magnification in f, X10. 


suggested that inhibiting this immunoinflammatory process might 
prevent transmission and systemic infection. We focused on glycerol 
monolaurate (GML) because of the compound’s documented 
relevant activities in inhibiting immune activation and chemokine 
and cytokine production by human vaginal epithelial cell cultures 
(HVECs) on exposure to staphylococcal toxins*"*. We showed that 
GML inhibited the production of MIP-3« and IL-8 (as a general 
marker of inflammation and increased susceptibility to HIV-1 infec- 
tion in female genital tissues'”) by HVECs in response to the more 
relevant exposure to HIV-1 (Fig. 4a, b). MIP-3a and IL-8 levels were 
also reduced in cervical and vaginal fluids collected in a safety study’® 
from rhesus macaques treated intra-vaginally with 5% GML daily for 
6 months (Fig. 4c, d). 

Encouraged by these results, we tested the potential efficacy of 
GML against repeated high dose intra-vaginal SIV challenges in ten 
animals, in an extension of the GML safety study’’. We first evaluated 
its efficacy in a pilot study in which we could examine cervical and 
vaginal and lymphatic tissues obtained at the expected peak of viral 
replication at 14 d.p.i.°. Two animals from the safety study that were 
treated daily with 5% GML in K-Y warming gel, and two animals that 
received K-Y warming gel alone as a vehicle control, were challenged 
intra-vaginally 1h after compound introduction with 10° 50% 
tissue-culture infective dose units (TCID;,) of SIV. Four hours later 
they were again given either GML or K-Y warming gel, and 
challenged after 1h with an equivalent dose of SIV, and then con- 
tinued on daily doses of either GML or K-Y warming gel. 

Both of the GML-treated animals were completely protected from 
this high dose SIV challenge. Using in situ hybridization there was no 
evidence for SIV RNA® cells in cervical, vaginal (Supplementary 
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Figure 4 | GML inhibits HIV-1 induced 
expression of MIP-3a and IL-8 in HVECs and in 
cervical and vaginal fluids. a, b, R5 isolate of 
HIV-1 added to HVECs in the amounts 
indicated + GML. MIP-3« (a) and IL-8 (b) release 
from HVECs was measured and expressed as the 
difference from control. ¢c, d, At the end of a 
6-month safety study, cervical and vaginal fluids 
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were collected with a swab that reproducibly 
adsorbed 0.1 ml of fluid from animals that 
received GML or K-Y warming gel in the a.m. and 
p.m. of two successive days. MIP-3a (¢) and IL-8 
(d) were measured by ELISA. Bars indicate s.e.m. 
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Fig. 5a, b) or lymphatic tissues (data not shown), and no evidence of 
inflammation (Supplementary Fig. 5a, b) or virus detectable in plasma 
(Fig. 5a). In contrast, in one of the two controls, SIV RNA‘ cells were 
detected in endocervical, vaginal (Supplementary Fig. 5c, d) and 
lymphatic tissues (data not shown) and there was an influx of inflam- 
matory cells associated with infection in the endocervix and vagina 
(Supplementary Fig. 5c, d), and high levels of virus in plasma (Fig. 5a) 
were all readily apparent. We then challenged three other GML- 
treated animals and three K-Y warming gel controls, repeating the 
challenges 4 weeks later if the animals showed no evidence of systemic 
infection (plasma levels of <20 copies of SIV RNA per ml). Again, 
GML prevented acute systemic infection after four exposures to this 
high dose vaginal challenge, whereas all three control animals became 
infected (Fig. 5b). 

In seeking interventions to prevent vaginal transmission in a SIV— 
macaque model, we have focused on the critical window of oppor- 
tunity at the earliest stages of infection when infected founder cell 
populations are small, and the virus must overcome the limited 
availability of susceptible target cells to sustain and sufficiently 
expand the initially infected founder cell populations to disseminate 
and establish a self-propagating infection in secondary lymphoid 
organs*. Here we show that SIV exploits the innate immune and 
inflammatory response to overcome this inherent limitation in the 
availability of target cells in the endocervix—the predominant site of 
the initial infected cell clusters. We document the growth of clusters 
by accretion of new infections in influxes of CD4~ T cell targets, and 
provide evidence plausibly linking the first influx to an outside-in 
mucosal signalling pathway in which the exposure of endocervical 
epithelium to the viral inoculum increases the expression of MIP3-a 
to recruit pDCs, which in turn produce MIP-1a and MIP-1B to 
recruit CCR5* targets. 

The discovery reported here of in vivo induction of MIP3-o in 
endocervical epithelium, together with our in vitro results and the 
previous report of the induction of MIP3-o% in uterine epithelial 
cultures by microbial-related stimuli’, point to outside-in signalling 
as a general feature of mucosal epithelium of the upper female genital 
tract. This signalling pathway and the production of interferons and 
virus-inhibiting chemokines by pDCs, support the concept that the 
mucosal lining of the upper female genital tract is truly the front line 
of the innate mucosal immune system’’. Although our conclusion 
that innate defences there are actually critical to the establishment 
and spread of infection may thus at first seem counterintuitive, it is in 
keeping with the previous report of possibly enhanced vaginal trans- 
mission with agonists used to stimulate innate immunity’, and with 
the concept advanced here: although interferons and anti-viral che- 
mokines produced locally by pDCs may protect themselves and 
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contribute to limiting infection initially, on balance, SIV’s greater 
immediate need is for target cells, which is served by the inflamma- 
tory component of the innate immune response. 
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Figure 5 | GML prevents mucosal transmission and acute infection. a, Pilot 
experiment continuation of daily dosing safety study. Two animals treated 
with GML in K-Y warming gel (circles) and two treated with gel only 

(squares) were challenged twice (two arrows), 1 h after treatment, with 10° 
TCIDso of SIV. Colours indicate individual animals. SIV RNA in plasma was 
measured to peak viremia, 14 d.p.i. b, Three animals treated with GML and 
three given K-Y warming gel were challenged as described in a. The animals 


that were not infected were treated and challenged again 4 weeks later, shown 
at the right. 
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We show that GML can break this vicious cycle of signalling and 
inflammatory responses in the cervix and vagina to prevent acute SIV 
infection in five out of five animals with repeated intra-vaginal 
challenges of 10° TCIDso of SIV, and particularly notably, in three 
out of three animals challenged four times with this high dose. This 
result represents a highly encouraging new lead in the search for an 
effective microbicide to prevent HIV-1 transmission that meets the 
criteria of safety, affordability and efficacy”. GML is a US Federal 
Drug Administration (FDA) generally recognized as safe (GRAS)’ 
agent that has been applied daily intra-vaginally in K-Y warming 
gel, an FDA-approved vehicle for human vaginal use, for 6 months 
in rhesus macaques with no evidence of pathological effects or altera- 
tion of resident Lactobacilli'*. GML is inexpensive (each dose used 
here cost less than 1 cent), and is efficacious in preventing acute 
systemic infection. Certainly, longer-term and well-powered studies 
with larger numbers of animals will be needed to definitively establish 
efficacy, and efficacy against occult infections, reportedly manifest as 
long as a year after repeated low-dose intravaginal inoculations’, and 
for which we now have preliminary evidence in this repeated high- 
dose model in one of the three animals with previously undetectable 
virus. Even conservative estimates of efficacy =60% (see Methods) 
extrapolate, according to mathematical models, to 2.5 million 
averted HIV infections over a 3-year period’, thus providing 
rationale and motivation for human trials of GML alone as a micro- 
bicide, and/or combined with other agents that specifically inhibit 
HIV-1 replication”. More generally, other microbes may exploit 
mucosal signalling and the innate inflammatory response to establish 
infection, so that GML may be the first example of a class of com- 
pounds that provide protection by interfering with these responses. 


METHODS SUMMARY 

Animals, inoculation of SIV, GML and K-Y warming gel. Adult female rhesus 
macaque monkeys (Macacca mulatta), housed in accordance with the regula- 
tions of the American Association of Accreditation of Laboratory Animal Care 
standards, were inoculated twice intra-vaginally with 1 ml of 10° TCIDso per ml 
SIVmac 251 (ref. 6). One-ml of K-Y warming gel + 5% GML was administered 
atraumatically into the vagina daily and before viral challenges. 

SIV RNA in plasma. SIV RNA copy equivalents per ml (Eq ml) in plasma was 
determined using a quantitative PCR with reverse transcription (qRT-PCR) assay™*. 
In situ hybridization and immunohistochemistry. Blood, cervical, vaginal and 
lymphoid tissues were collected from euthanized animals, fixed and then embedded 
in paraffin. In situ hybridization combined with immunohistochemical staining 
and immunochemistry were performed as described”. 

Digital atlases. Images of fields with STV RNA* cells were acquired, merged 
(Photoshop 7.0 automerge), and, after using Photoshop Action procedures to 
delineate SIV RNA* cells, centroid x, y coordinates were assigned using 
MetaMorph software, and the coordinates were plotted with Excel. 

Induction and measurement of MIP-3a, and IL-8. HIV-1 + GML was added to 
HVECs cultured as described”. Chemokines in the supernatants were measured 
by ELISA”. 

Microarray analysis. Gene expression profiles in cervix before and after intra- 
vaginal SIV inoculation were analysed with the Affymetrix GeneChip Rhesus 
Macaque Genome Array as described”*. 

Statistical methods. The negative binomial distribution was used to model 
repeated challenges. The model assumes that outcomes for distinct animals 
are independent, and that the probability of being infected differs between the 
two groups. The use of maximum likelihood or Bayesian methods (which don’t 
assume the sample size is large) both indicate that the efficacy of GML against 
transmission is at least 65%, in which the posterior probability that GML is more 
likely to prevent infection than K-Y warming gel is 0.98, and the P-value that the 
probability differs between groups is 0.04. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Animals. Adult female rhesus macaque monkeys (Macacca mulatta) used in the 
studies were housed at the California and Wisconsin National Primate Centers in 
accordance with the regulations of the American Association of Accreditation of 
Laboratory Animal Care and the standards of the Association for Assessment and 
Accreditation of Laboratory Animal Care International; all protocols and procedures 
were approved by the relevant Institutional Animal Care and Use Committee. All 
animals were negative for antibodies to HIV type 2, SIV, type D retrovirus, and 
simian T-cell lymphotropic virus type 1. 

Intra-vaginal inoculation of SIV, GML and K-Y warming gel. Monkeys were 
inoculated intra-vaginally twice in a single day, with a 4-h interval between 
inoculations, with 1 ml of a 2004 virus stock from C. Miller of 10° TCIDs» per 
ml SIVmac 251. For inoculation, each animal was anesthetized with an intra- 
muscular injection of a combination of ketamine hydrochloride (Parke-Davis) 
(up to 7 mg per kg) and medetomidine (up to 5 mg per kg). More ketamine when 
needed was given intravenously (up to 5 mg per kg). The animal was placed in a 
sternal position with her posterior elevated approximately 60 degrees from hori- 
zontal, and a 1-ml syringe without a needle was inserted atraumatically into the 
vagina to deliver the inoculum. Animals thereafter remained in the sternal posi- 
tion for between 30 and 40 min. For 5% GML and vehicle control gel dosing, as 
well as the collection of vaginal swabs, animals were transferred to a table-top 
restraint device to administer either 1 ml of vehicle control K-Y warming gel or 
1 ml of gel containing 50 mg solubilized GML using a 1-ml syringe without a 
needle inserted atraumatically into the vagina, as described above. 

GML formulation. GML (monomuls 90-L 12, Cognis Corporation Care 
Chemicals) was dissolved in K-Y warming gel (5g per 100 ml) at the Fairview 
Compounding Pharmacy. 

Detection of SIV RNA in plasma. SIV viral RNA (vRNA) genomic copy equiva- 
lents in EDTA-anti-coagulated plasma was determined using a gRT—PCR pro- 
cedure modified from an assay described previously”. In brief, vVRNA was 
isolated from plasma using a GuSCN-based procedure as described. gRT-PCR 
was performed using the SuperScript III Platinum(R) One-Step Quantitative 
RT-PCR System (Invitrogen). Reactions were run on a Roche LightCycler 2.0 
instrument and software. VRNA copy number was determined using LightCycler 
4.0 software (Roche Molecular Diagnostics) to interpolate sample crossing 
points onto an internal standard curve prepared from tenfold serial dilutions 
of a synthetic RNA transcript representing a conserved region of SIV gag. 
Tissue collection and processing. At the time of euthanasia, blood, upper, 
middle and lower portions of vagina, cervix and uterus, draining lymph nodes 
(iliac, obturator and inguinal), mesenteric, axillary and inguinal lymph nodes, 
and gut (ileum, jejunum and colon) from each animal were collected and fixed in 
4% paraformaldehyde, SafeFix II (Fisher Scientific) or Streck’s fixative (Streck 
Laboratories, Inc.), and embedded in paraffin for sectioning. 

In situ hybridization. In situ hybridization to detect SIV RNA was performed as 
previously described’. In brief, after deparaffinization and pretreatment to 
permeabilize tissue and block nonspecific binding, 5-1m sections from 4% 
paraformaldehyde-fixed tissues were hybridized to *°S-labelled SIV RNA anti- 
sense or sense (as a negative control) riboprobes covering more than 90% of SIV 
genome. After overnight hybridization, the sections were washed, digested with 
RNases, coated with nuclear track emulsion, exposed, developed and counter- 
stained with haematoxylin and eosin. 

Construction of digital atlas of SIV VRNA® cells in cervix and vagina. An 
image of each field with SIV RNA® cells detected by in situ hybridization was 
collected sequentially using epifluorescent illumination, Olympus B-MAX 
microscope, and a ‘spot insight’ digital camera (Diagnostic Instruments). To 
create the montage image, the images from each section were acquired from left 
to right and from top to bottom, with a ~20% overlap with the neighbouring 
images to avoid gaps. Images were automatically merged into one Atlas image 
using a Photoshop 7.0 automerge function. After using the Photoshop Action 
procedures to associate individual silver grains with cells, the centroid x, y 
coordinates of a SIV RNA® cell were assigned using MetaMorph (version 
7.1.3.) software, and these coordinates were then logged into Excel files as 
numeric numbers and plotted with Excel. 

Immunohistochemistry. Immunohistochemistry was performed as described”'” 
using a biotin-free detection system, MACH-3 (Biocare Medical) or EnVision* 
System (DakoCytomation), on 5-,1m tissue sections mounted on glass slides. 
Tissues were deparaffinized and rehydrated in deionized water. Heat-induced 
epitope retrieval was performed using the water-bath method (95-98 °C for 
10-20 min) in one of the following buffers: EDTA Decloaker reagent (Biocare 
Medical), DiVA Decloaker (Biocare Medical), 10 mM sodium citrate, pH 6.0, or 
1mm EDTA, pH 8.0, followed by cooling to room temperature. Tissues sections 
were blocked with SNIPER Blocking Reagent (Biocare Medical) for 1 h at room 
temperature. Endogenous peroxidase was blocked with 3% (v/v) H,O0, in TBS 
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(pH7.4). Primary antibodies were diluted in 10% SNIPER Blocking Reagent in 
TNB (Tris-HCl, pH7.5, 0.15 M NaCl, 0.05% Tween 20 with Dupont blocking 
buffer) and incubated overnight at 4 °C. After the primary antibody incubation, 
sections were washed and then incubated with mouse, goat or rabbit polymer 
system reagents conjugated with either horseradish peroxidase or alkaline phos- 
phatase according to the manufacturer’s instructions, and developed with 
3,3'-diaminobenzidine (Vector Laboratories) or Vulcan Fast Red (Biocare 
Medical). Sections were counterstained with CAT Haematoxylin (Biocare 
Medical), mounted in Permount (Fisher Scientific) and examined by light micro- 
scopy. Primary antibodies and other reagents and protocols used are summarized 
in Supplementary Table 2. All anti-human antibody reagents were demonstrated 
to show good cross reactivity with the cognate macaque antigens. Isotype- 
matched IgG negative control antibodies in all instances yielded negative staining 
results. 

Immunohistochemical staining and in situ hybridization. Combined 
immunohistochemical staining and in situ hybridization were performed as 
described previously’. In brief, sections were microwaved for antigen retrieval, 
hybridized, washed and digested with RNases, incubated with antibody markers 
for cell type, CD3, CD4, CD68, and then stained with the Dako EnVision*® 
Peroxidase kit with antibodies to the primary antibody and diaminobenzidine. 
After washing, the sections were coated with nuclear track emulsion, exposed, 
developed and counterstained with haematoxylin. 

Culture of HVECs and induction and measurement of MIP-3a and IL-8. 
HVECs were cultured until confluent at 37 °C, 7% CO, in 96-well flat-bottom 
microtitre plates (Becton Dickinson Labware) in 100 ul per well of keratinocyte 
serum free medium with antibiotics**. HIV-1 = GML was added to wells, and, 
after 6-h incubation, supernatants were collected and tested for chemokines by 
ELISA as described by the manufacturer (R&D Systems). Data reported are 
mean + s.d. We have previously shown” that GML does not interfere with 
ELISA for chemokine detection. 

Microarray analysis of cervical transcriptional responses to intravaginal SIV 
inoculation. Gene expression profiles in cervix of macaques before and after 
intravaginal SIV inoculation at 1 and 3d.p.i. were analysed with the GeneChip 
Rhesus Macaque Genome Array (Affymetrix, Inc.), which contains ~47,000 
rhesus transcripts. RNA extractions, preparation of biotin-labelled complementary 
RNA (cRNA) probes, and microarray hybridization followed previously published 
protocols”. In brief, snap-frozen cervical tissues from two uninfected and three 
infected Indian rhesus macaques at 1 d.p.i., and from two macaques at 3 d.p.i. were 
homogenized, total RNA was extracted, double-stranded complementary DNA 
and biotin-labelled cRNA probes were synthesized from 5 tg of total RNA. 
Fifteen micrograms of fragmented cRNA was hybridized to an Affymetrix 
GeneChip Rhesus Macaque Genome Array. After hybridization, chips were 
washed, stained with streptavidin-phycoerythrin, and scanned with GeneChip 
Operating Software at the Biomedical Genomics Center at the University of 
Minnesota. The experiments from each RNA sample were duplicated in the 
preparation of each cRNA probe, and microarray hybridization. Microarray data 
were analysed in Expressionist program Genedata, Pro version 4.5, using the robust 
multi-array analysis (RMA) algorithm. The expression levels from duplicated chips 
of the same animals’ RNA were correlated and averaged. Tests for differences 
between the uninfected and infected animals at 1 and 3 d.p.i. were conducted using 
the two-sample t-test. Cutoff was set at P< 0.05 and =2-fold increased expression. 
Statistical methods. In the initial protocol, animals were challenged twice and 
then necropsied at peak replication to obtain tissues to evaluate viral replication, 
whereas in the second experiment, each animal was repeatedly challenged until 
all of the controls were infected. For this second experiment, we used the negative 
binomial likelihood as a statistical model to interpret the results of the experi- 
ment. Note that because the design of the second stage of the experiment 
included the possibility that treated animals would never get infected, animals 
in the treatment group who were uninfected were considered to be right 
censored at the trial at which all the controls were finally infected. Because the 
challenge involved two doses at each time point, our trials consist of two such 
doses. Therefore, an animal that survived two challenges was subjected to four 
doses. Our model supposes that a success for a trial occurs when an animal is 
infected by one of these double-dose challenges. Moreover, the model supposes 
that the outcome for each animal is independent and that there is a different 
probability of a success for a trial depending on treatment status. Hence, if we let 
6 represent the probability that an animal is infected with one challenge, and an 
animal is infected on the mth challenge, then this animal contributes a factor of 
(1—)"~ ' X Oto the likelihood. For an animal that survives m such challenges, 
because the probability that this occurs is (1 — 0)", this animal would contribute 
(1— 8)" to the likelihood. The likelihood for each group is calculated by 
multiplying the contributions from each animal in that group. Maximum like- 
lihood estimates are then determined by maximizing the likelihood. We can also 
compute Bayesian credible sets and the posterior probability that the probability 
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of success differs between the two groups using numerical integration (using an 
adaptive 15-point Gauss—Kronrod quadrature, as implemented in the software 
S-plus, version 3.4 release 1, from Mathsoft, Inc.). For the groups of three 
animals challenged four times, the efficacy of GML against transmission is 
estimated to be at least 65%, and the probability that GML is more likely to 
prevent infection than K-Y warming gel alone is 0.98. Although we prefer this 
estimate, because the outcome was determined decisively, including the animals 
in the pilot experiment in which we did not repeatedly challenge until infected, 
five out of five GML-treated animals, and one out of five controls did not get 
infected. The estimated efficacy of GML (using the same methods) in this case is 
at least 72% at a probability of 0.95. 
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Identification of IFRD1 as a modifier gene for cystic 


fibrosis lung disease 
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H. Leighton Grimes®, Mitchell L. Drumm”, Garry R. Cutting’, Michael R. Knowles'* & Christopher L. Karp’ 


Lung disease is the major cause of morbidity and mortality in 
cystic fibrosis, an autosomal recessive disease caused by mutations 
in CFTR. In cystic fibrosis, chronic infection and dysregulated 
neutrophilic inflammation lead to progressive airway destruction. 
The severity of cystic fibrosis lung disease has considerable heri- 
tability, independent of CFTR genotype’. To identify genetic 
modifiers, here we performed a genome-wide single nucleotide 
polymorphism scan in one cohort of cystic fibrosis patients, 
replicating top candidates in an independent cohort. This 
approach identified IFRD1 as a modifier of cystic fibrosis lung 
disease severity. IFRD1 is a histone-deacetylase-dependent tran- 
scriptional co-regulator expressed during terminal neutrophil 
differentiation. Neutrophils, but not macrophages, from Ifrd1- 
deficient mice showed blunted effector function, associated with 
decreased NF-kB p65 transactivation. In vivo, IFRD1 deficiency 
caused delayed bacterial clearance from the airway, but also less 
inflammation and disease—a phenotype primarily dependent on 
haematopoietic cell expression, or lack of expression, of IFRD1. In 
humans, IFRD1 polymorphisms were significantly associated with 
variation in neutrophil effector function. These data indicate that 
IFRD1 modulates the pathogenesis of cystic fibrosis lung disease 
through the regulation of neutrophil effector function. 

Attention to the role of CFTR in regulating epithelial ion transport 
has failed to illuminate the path from gene to pathogenesis in cystic 
fibrosis (CF) lung disease. In CF, colonization and infection (paradig- 
matically with Pseudomonas aeruginosa) is associated with neutrophi- 
lic inflammation, the end result being progressive airway destruction’. 
This inflammatory response is out of proportion to inciting infectious 
stimuli’, which may well be due to the compromise of lipid mediator 
pathways driving resolution of neutrophilic inflammation’. 

To identify genetic modifiers of CF lung disease severity, we 
performed a genome-wide single nucleotide polymorphism (SNP) 
scan in the Genetic Modifier Study Group (GMSG) cohort, followed 
by validation of top candidates in the US CF Twin and Sib Study 
(CFTSS) cohort. The former enrolled AF508 CFTR homozygotes with 
extremes of lung function for age, for case-control association 
approaches to modifier gene identification’. The latter enrolled CF- 
affected twins and siblings with any CFTR genotype, and their parents, 
for transmission-based approaches’. Severity status was quantified 
using lung function measures highly correlated with survival in CF®. 


Genome-wide SNP analysis was performed using Affymetrix 100K 
microarrays in 320 patients from the GMSG cohort*: 160 with severe 
and 160 with mild lung disease, with DNA from 20 subjects pooled 
per microarray. To assess the robustness of the pooling approach, we 
first compared gene chip estimates of allele frequencies in pooled 
samples with individually genotyped frequencies in a subset of 93 
SNPs. A high degree of correlation (17 = 0.88) was found. Second, the 
comparison of genome-wide allele frequencies in these CF patients 
with those from a similar pooled genome-wide scan in asthma 
patients and controls (from an Isle of Wight birth cohort study’) 
unambiguously identified CFTR as the disease-causing locus in CF. 
Of the top-ranked polymorphisms distinguishing the two cohorts, in 
terms of statistically significant differences in allele frequency, 34 out 
of 38 were clustered on chromosome 7, centred around CFTR, witha 
median uncorrected P value of 3 X 10~* (Supplementary Fig. 1). 
Several of these SNPs would not pass Bonferroni correction for mul- 
tiple testing, given the > 100K SNPs on the microarrays—despite the 
known biological significance of CFTR. Thus, in addition to generat- 
ing false positive results, correction for multiple testing in genome- 
wide SNP scans can also generate false negative results. 

To differentiate true from false association (or false lack of asso- 
ciation), we prioritized follow-up efforts according to hierarchical 
criteria, focusing, first on regional clusters of SNPs exhibiting different 
allele frequencies (Supplementary Fig. 2), and second on regions con- 
taining genes with biological coherence: regulators of transcription, 
genes with known function in the immune system or in lung biology, 
and genes implicated in biological functions that are abnormal in the 
CF airway (for example, ion channels). The latter criterion was unlikely 
to facilitate the identification of genes with unknown function or of 
unexpected pathogenetic pathways. However, we aimed to identify 
true modifiers among false positives, not to identify all modifiers. 
This heuristic approach was used to select 6 regions/genes for follow- 
up study: IFRD1, CEBPA/CEBPG, CHI3L2, C6, SLC4A3 and ABCAI. 

The top-ranked locus in terms of clustering was IFRD1, 5 megabases 
(Mb) away from CFTR, the 3’ region of which contained a cluster of 
nine SNPs (Supplementary Table 1 and Supplementary Fig. 2b) with 
significantly different allele frequencies between patient groups. Biology 
is addressed later. To confirm the genotyping in the pooled scan, as well 
as define which SNPs to pick for replication purposes, SNPs in IFRD1 
reaching significance in the pooling experiment, along with tagging 
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Figure 1 | IFRD1-deficient neutrophils exhibit blunted effector functions. 
a, Oxidative burst in peripheral blood neutrophils from Ifrd1-‘~ mice and 
heterozygote littermate controls. b, Bacterial killing of P. aeruginosa by bone 
marrow neutrophils, calculated as: [(control c.f.u. — experimental c.f-u.)/ 
control c.f.u.] X 100, in which c.f.u. denotes colony-forming units. 

Means and s.e.m. are shown, of six different mice per genotype, tested in 
duplicate. Similar results were seen with whole blood neutrophil killing 
assays in three separate experiments. c, Intracellular TNF-« expression by 
neutrophils, quantified by flow cytometry in LPS-stimulated whole blood 
isolated from Ifrd1 ‘~ mice and wild-type controls. d, KC mRNA 
expression, quantified by qRT-PCR in bone marrow neutrophils from wild- 
type or Ifrd1 '~ mice. Meansand s.e.m. are shown, of six different mice per 
genotype, tested in duplicate. a.u., arbitrary units. e, LTB,, quantified by 
ELISA in supernatants from bone marrow neutrophils from wild-type or 
Ifrd1 ~'~ mice incubated with arachidonic acid (AA), and stimulated with 
LPS in the presence or absence of GM-CSF. f, Quantification of chemotaxis 
by bone marrow neutrophils from wild type or Ifrd1 ‘~ mice in response to 
formyl-methiony]-leucyl-phenylalanine (fMLP) (1 1M) or IL-8 (1 pg ml‘). 
h.p.f., high-power fields. Means and s.e.m. are shown, representative of three 
separate experiments for a, ¢ and e. *P < 0.05, **P < 0.01. NS, mock 
stimulation; PMA, phorbol-12-myristate-13-acetate. 


SNPs throughout and flanking the region of the effect, were individually 
genotyped in the wider GMSG cohort. Although no association signal 
was observed for IFRD1-flanking markers, retention of association 
signal for a cluster of SNPs on the haplotype block containing the 3’ 
IFRD1 exons (Supplementary Tables 2, 3 and Supplementary Fig. 3) led 
us to pursue replication in a separate population. 

Three IFRD1 SNPs (rs7817, rs3807213 and rs6968084) that linkage 
disequilibrium analysis suggested captured the bulk of the variation 
observed at this locus were genotyped in patients in the CFTSS cohort 
(Supplementary Table 4). Notably, the family-based association test 
demonstrated significant association between the rs7817 polymor- 
phism and both cross-sectional and longitudinal measures of lung 
function (Table 1a). The other two SNPs showed trends towards 
significance (rs3807213, P = 0.080; rs6968084, P = 0.082; for longi- 
tudinal and cross-sectional measures of lung function, respectively). 
A second, complementary method (quantitative transmission 


Table 1| Transmission analysis of IFRD1 rs7817 in CF 
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disequilibrium test) verified the result derived for rs7817 (Table 1b). 
Notably, both methods showed that the heterozygote genotype (“CT”) 
was associated with lower lung function than either homozygote (“CC’ 
or ‘TT’; data not shown). However, other genotype models (additive, 
recessive and dominant) could not be conclusively excluded. It was 
important to exclude linkage with CFTR alleles as the cause of the 
observed association between IFRD1 SNPs and CF lung function. No 
correlation was detected between genotypes composed of IFRD1 SNPs 
and the presence of 0, 1 or 2 copies of the common mutation AF508, or 
when CFTR mutations were grouped according to their association 
with exocrine pancreatic status. Furthermore, there was no evidence 
of linkage between the SNPs and the pulmonary phenotypes’, import- 
ant for validating the association model used (a test of association in 
the absence, as opposed to the presence, of linkage). These data indi- 
cate that IFRD1 polymorphisms contribute to lung function variation 
in CF independent of CFTR. 

IFRD1 acts in a histone deacetylase (HDAC)-dependent manner to 
mediate transcriptional co-repression and co-activation’. Expression 
and genetic deletion studies have implicated IFRD1 in cell differenti- 
ation and stress responses'®. Available databases suggested highest 
expression in human blood cells''. Flow cytometric analysis of such cells 
demonstrated greatest expression in neutrophils (Supplementary Fig. 
4a). Similarly, quantitative PCR with reverse transcription (qRT-PCR) 
analysis of cells relevant to the CF airway indicated particular enrich- 
ment of expression in neutrophils (Supplementary Fig. 4b). Terminal 
differentiation of human and mouse neutrophils was associated with 
robust upregulation of IFRD1 expression (Supplementary Fig. 5), some- 
thing that was mirrored in expression databases'*. Neutrophilic differ- 
entiation of HL-60 cells also led to upregulation of IFRD1 expression 
(Supplementary Fig. 6a), and short interfering RNA (siRNA)-mediated 
knockdown of IFRD1 in such cells blunted oxidative burst capacity 
(Supplementary Fig. 6b, c) without altering visual morphology or the 
surface expression of CD11b (encoded by ITGAM) (data not shown). 

No alteration in peripheral blood neutrophil count, morphology, or 
CD11b and Gr-1 (encoded by Ly6g) expression were observed in 
Ifrdl’~ mice” (data not shown). However, neutrophils from 
Ifrd1-'~ mice showed significant impairment of specific effector 
functions—including oxidative burst, bacterial killing, TNF-«, 
KC (CXCL1) and leukotriene B, (LTB,) production, but not 
chemotaxis—compared with wild type and/or heterozygote littermate 
controls (Fig. 1). In vivo stimulation led to similar results: after intra- 
tracheal lipopolysaccharide (LPS) stimulation, Ifrd1~/~ mice exhibited 
significantly less TNF-« production on a per cell basis in neutrophils, 
but not macrophages, compared with wild-type controls (data not 
shown). No differences in airway neutrophil numbers or apoptosis were 
seen in these studies (data not shown). These functional effects showed 
specificity among myeloid cells; peritoneal macrophages from Ifrd1'~ 
mice showed normal oxidative burst capacity and LPS-driven TNF-o 
production (Supplementary Fig. 7). Thus, IFRD1 has an important role 
in the regulation of neutrophil effector function. 

We subsequently analysed the role of IFRD1 in modulating airway 
infection with P. aeruginosa. Genetic deficiency of Ifrd1 was associated 


a Transmission analysis using family-based association testing (PBAT module, Golden Helix) 


SNP Alleles Genetic model n P value Clinical outcome measure Effect 
rs7817 C/T Heterozygous distortion 248 0.004 Cross-sectional lung function* ae 
rs7817 C/T Heterozygous distortion 186 0.016 Longitudinal lung functiont - 

b Transmission analysis using quantitative transmission disequilibrium testing (QTDT**) 

SNP F N P value Clinical outcome measure 

rs7817 4.10 467 0.0168t Cross-sectional lung function* 

rs7817 4.00 314 0.0187t Longitudinal lung functiont 


* BayesFEV,%pred@20yrs, estimated FEV, percentage-predicted values at age 20 years, as described’. 
+ MaxFEV,CF%, maximum CF-specific percentile for FEV; in patient's most recent year of available data, as described’. 


~P < 0.05 after Bonferroni correction for two tests. 
Minor allele frequencies: rs7817, 0.48 C; rs3807213, 0.40 C; rs6968084, 0.14 T 


F, QTDT test statistic?*; n, number of informative families; N, number of informative individuals; Effect, phenotypic effect associated with the over-transmitted genotype (+, better function). 
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with significantly slower bacterial clearance (Fig. 2a). Notably, 
however, Ifrd1-'~ mice also had significantly ameliorated disease, with 
less weight loss, and less airway and systemic inflammation (Fig. 2b-f). 
To define whether this was due to haematopoietic cell IFRD1 express- 
ion, C57BL/6 (CD45.1) mice were lethally irradiated and reconstituted 
with bone marrow cells from CD45.2-expressing wild-type or Ifrdl/~ 
mice. No differences in bone marrow reconstitution efficiency were 
observed (Supplementary Fig. 8a). Indeed, competitive reconstitution 
assays formally demonstrated the lack of a role for IFRD1 in early 
neutrophil development (Supplementary Fig. 8b). Wild-type mice 
reconstituted with IFRD1-deficient bone marrow cells mirrored the 
phenotype of Ifrd1~'~ mice during P. aeruginosa infection—with less 
efficient bacterial clearance, but less inflammation and disease 
(Supplementary Fig. 9). When reciprocal bone marrow transfers were 
performed (reconstituting lethally irradiated CD45.2-expressing wild 
type and Ifrd1'~ mice with bone marrow cells from wild-type C57BL/ 
6 (CD45.1) mice), no such differences in bacterial burden, inflam- 
mation or disease course were seen (Supplementary Fig. 10). Thus, 
IFRD1 modulation of the airway response to P. aeruginosa infection 
is largely dependent on haematopoietic cell expression of IFRD1. 
Airway challenge with LPS was similarly associated with increased 
TNF-o and KC in bronchoalveolar lavage (BAL) fluid from wild-type, 
compared with Ifrd1”'~, mice (Supplementary Fig. 11a, b). In vivo 
HDAC inhibition blunted LPS-driven airway TNF-« and KC produc- 
tion, specifically in wild-type, but not in Ifrdl‘-, mice 
(Supplementary Fig. lla, b). Furthermore, bone marrow transfer 
experiments showed that the effects of HDAC inhibition on LPS- 
driven airway TNF-« production—in BAL and by airway neutrophils 
(Supplementary Fig. 11c, d), but not by airway macrophages (data not 
shown)—was dependent on haematopoietic cell IFRD1 expression. 
The effector functions blunted in the absence of IFRD1 are depen- 
dent on NF-«B p65 (also known as RelA)'*°. Ifrdl-‘~ mice showed 
significantly decreased LPS-stimulated neutrophil NF-«B p65 transac- 
tivation, compared with littermate controls (Supplementary Fig. 12a). 
As IFRD1, NF-KB p65 and HDAC1 were co-immunoprecipitable in 
neutrophil nuclear extracts (Supplementary Fig. 12b), it seems probable 
that IFRD1 mediates its effects on neutrophils, at least in part, by direct 
interactions with NF-«B. Although our data are compatible with IFRD1 
being a co-activator of transcriptional activity or a co-repressor of an 
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Figure 2 | Genetic deficiency of Ifrd1 is associated with delayed bacterial 
clearance, but decreased neutrophilic inflammation and ameliorated 
disease, after airway challenge with mucoid P. aeruginosa. Wild type (WT) 
and Ifrd1_'~ mice were challenged intratracheally with P. aeruginosa (FRD1 
strain), and analysed 48 h later. a, Lung bacterial burden is shown. b, Weight 
change is shown. Solid line, Ifrd1 ~~, dashed line, wild-type. ¢c, Serum TNF-« 
levels. d—g, In BAL, the total number of cells (d), the number of neutrophils 
(e), TNF-« levels (f) and KC levels (g) are shown. No differences in 
parenchymal accumulation of neutrophils (quantified by the analysis of 
myeloperoxidase activity in blanched lungs) were observed. PMNs, 
polymorphonuclear leukocytes. Means and s.e.m. of six mice per group are 
shown; data are representative of three separate experiments. *P < 0.05. 
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inhibitor of transcriptional activity, the HDAC inhibition experiments 
suggest the latter. Co-immunoprecipitation analysis suggests the 
possibility of HDAC-mediated co-repression of an NF-«B-driven tran- 
scriptional inhibitor of NF-«B transactivation. 

Although we may have not identified the causal variant(s)’%, 
cogent hypotheses exist for how the identified SNPs may alter 
IFRD1 expression and/or function (Supplementary Discussion). To 
test directly the association of IFRD1 polymorphisms with neutro- 
phil effector function, we studied neutrophils from healthy subjects. 
Notably, analysis of human peripheral blood neutrophils showed a 
significant association of IFRD1 polymorphisms with quantitative 
measures of neutrophil effector function (Fig. 3). Taken together, 
these data suggest that IFRD1 modulates the course of CF airway 
disease through the regulation of neutrophil effector function. 

Biology is rarely simple, however. The predictive value of mouse 
knockout models for the more subtle biological differences that 
probably result from human allelic polymorphisms, as well as the 
power of the functional data from human neutrophils to account for 
the effects of these polymorphisms on lung function over time, 
should not be overstated. It remains possible that neutrophils are 
not the only cells influenced by IFRD1 polymorphisms in a fashion 
relevant to cystic fibrosis. There may, for example, be ways in which 
respiratory epithelia and neutrophils interact through IFRD1 poly- 
morphisms to modulate cystic fibrosis lung disease. On the whole, 
Cftr knockout and mutant mouse models have been disappointing; 
despite recapitulation of gut pathology, pulmonary phenotypes have 
been subtle. Whether this relates to different lung architecture in 
mice and humans, the influence of other genes in the mouse strains 
used, or stronger baseline immune counter-regulation in the mouse 
lung remains unclear. There is thus an essential problem with using 
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Figure 3 | IFRD1 polymorphisms are associated with variation in human 
neutrophil effector function. Oxidative burst capacity following PMA 
stimulation, and LPS-driven TNF-z secretion, was quantified in neutrophils 
from healthy donors of self-reported European descent (N = 36). 

a, Oxidative index for SNP rs7817. CC, N = 13; TC, N= 13; TT, N= 10. 
P= 0.005 (Wald test). b, Oxidative index for SNP rs3807213. CC, N = 12; 
AC, N= 11; AA, N = 13. P = 0.007. c, Oxidative index for SNP rs6968084. 
CC, N= 19; TC, N= 15; TT, N = 2. P = 0.06. d, Oxidative index for three- 
marker haplotype (1s7817, rs3807213 and rs6968084). 0 (N = 13), 1 

(N = 11) or 2 (N= 12) copies of the CCC haplotype. P = 0.007. e, TNF-« 
levels, three-marker haplotype (rs7817, rs3807213 and rs6968084). CCC 
haplotype copy number as in d. P = 0.03. Data represent means = s.e.m. 
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such models to define whether the absence of [frd1 (or the presence of 
mutant Ifrd1 alleles) ameliorates CF lung disease, in the absence of a 
robust phenotype to ameliorate. In this light, the recent report of pigs 
with targeted disruption of CFTR” may point the way to informative 
models. 

Of the other top-ranked genes/regions from the initial scan, C6, 
SLC4A3 and ABCAI did not survive genotyping in the wider GMSG 
cohort; CHI3L2 failed replication in the CFTSS cohort (data not shown). 
However, after refinement of the association signal from the pooled scan 
in the locus containing CEBPA and CEBPG (Supplementary Table 5) via 
individual genotyping in the wider GMSG cohort (Supplementary 
Tables 6 and 7), replication was pursued in the CFTSS cohort. As shown 
in Supplementary Table 8, polymorphisms in the 40 kb intergenic region 
between CEBPA and CEBPG (genes oriented 5’ to each other) were 
significantly associated with variation in CF lung function. Although 
there are clearly other possible ways in which these transcription factors 
may affect CF lung disease severity'*’’, CEBP« is essential for neutrophil 
development”, a pathway that CEBPy has also been implicated in’’. 

Despite considerable progress in CF therapy over recent decades, 
the norm is still an inexorable decline in pulmonary function. The 
identification of genes modifying CF lung disease, and delineation of 
the pathogenetic pathways that they influence, holds promise for the 
development of new therapeutic strategies. The current data suggest 
probable benefit for therapeutic targeting of neutrophils in this 
devastating disease. These data also suggest that the IFRD1/HDAC 
axis may provide a tractable therapeutic target in CF, and other 
diseases in which neutrophils have an important pathogenetic role. 


METHODS SUMMARY 

Genetic analysis. CF patients were from the GMSG? and CFTSS' cohorts. Healthy 
controls were recruited at CCHMC. Studies were approved by the relevant 
Institutional Review Boards. Genome-wide analysis was performed using 
Affymetrix GeneChip 100K Human Mapping microarrays. Other genotyping was 
performed using Taqman PCR, AcycloPrime-FP SNP PCR, Illumina 610 Quad 
chips and lumina SNP beadarray genotyping. Follow-up association analysis 
(GMSG cohort) was performed using SNPGWA”. Association and transmission 
analysis (CFTSS cohort) was done using PEDSTATS v.0.6.6 (http://www.sph. 
umich.edu/csg/abecasis/Pedstats)**, Intercooled Stata 8, quantitative transmission 
disequilibrium testing (QTDT) v.2.5.0 (http://www.sph.umich.edu/csg/abecasis/ 
QTDT)*, and Golden Helix software — (http://www.goldenhelix.com). 
Quantitative trait analysis (healthy donor cohort) was performed using PLINK 
version 1.03 (http://pngu.mgh.harvard.edu/~purcell/plink/). 

Cellular assays. Surface and intracellular FACS staining was performed as 
described**. Quantification of mRNA was performed by qRT-PCR, as 
described**. Oxidative burst capacity was quantified by flow cytometry using 
the dihydrorhodamine 123 assay. TNF-o production was quantified by 
ELISA (BD Pharmingen) or by intracellular staining, as described’’. LTB, pro- 
duction was quantified by ELISA (Neogen). Bacterial killing was quantified as 
described**. Neutrophil chemotaxis was quantified as described”’. Nuclear NF- 
«B p65 DNA-binding activity was quantified using the EZ-Detect Transcription 
Factor ELISA (Pierce). Co-immunoprecipitation of nuclear proteins was per- 
formed using the Nuclear Complex Co-IP kit from Active Motif. 

Mouse models. Mice were non-traumatically challenged intratracheally with P. 
aeruginosa (FRD1 strain). Forty-eight hours later, mice were euthanized. BAL 
cell analysis, lung bacterial burden and myeloperoxidase activity were quantified 
as described’. BAL and serum cytokines were quantified by ELISA (BD 
Pharmingen, R&D) or by the Cincinnati capture assay*’. Standard bone marrow 
cell transfer techniques were used. Suberoylanilide hydroxamic acid (SAHA), 
from Cayman, was administered intraperitoneally. Mice were non-traumatically 
challenged intratracheally with P. aeruginosa LPS (Sigma). Animal care was 
provided in accordance with National Institutes of Health guidelines. Studies 
were approved by the CCHMC Institutional Animal Care and Use Committee. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Cohorts. The GMSG cohort consists of CF patients homozygous for AF508 CFTR 
whose longitudinal FEV; measurements were in the highest or lowest quartile for 
age among AF508 homozygotes. Enrolment criteria, data collection and genotyp- 
ing have been described’. The study was approved by the institutional review 
boards (IRB) of all participating institutions. Patients and parents of minors 
provided written informed consent. 

CF twins and siblings (N= 1,118) and their parents from 619 families were 
recruited by the CFTSS as previously described’. Twenty-one dizygous and 49 
monozygous twin pairs were included. Raw pulmonary function test data, CFTR 
genotypes, and height and weight measurements were obtained from medical 
records. In some cases in which genotypes were unavailable, CFTR exons were 
sequenced to identify mutations. Written informed consent or assent was 
obtained from all subjects. FEV, was used to derive cross-sectional 
(MaxFEV,CF%) and longitudinal (AvgFEV,;CF% and EstFEV, %pred) measures, 
as previously described’. To include as many subjects as possible and to avoid 
randomly excluding one member of each pair, lung function measures were 
averaged for monozygous twin pairs and included in analyses only if the twins’ 
values were within ten percentiles of each other (or ten per-cent-predicted), so as 
not to double-count genetically identical individuals. For monozygous twin pairs 
in which only one of the twins had pulmonary data, that twin’s data was included. 

Healthy controls (inclusion and exclusion criteria: standard for routine blood 

donation, plus exclusion for use of immunosuppressive medications or non- 
steroidal anti-inflammatory drugs in the 2 weeks before blood donation for 
functional assays) were recruited at CCHMC. Blood for neutrophil function 
studies was obtained from 45 participants, 36 of whom self-reported 
European ancestry. Owing to the small numbers of non-Europeans and the 
possibility of confounding due to stratification, analysis was restricted to these 
36. Blood samples were blinded to haplotype and genotype status before func- 
tional analysis. All participants gave written informed consent; the study was 
approved by the CCHMC IRB. 
Genotyping. Genome-wide analysis, using Affymetrix GeneChip 100K Human 
Mapping microarrays, was performed in 320 CF patients from the GMSG study’: 
160 with severe lung disease (lowest quartile of FEV, for age); 160 with mild lung 
disease (highest quartile of FEV, for age); 308 who self-reported European 
ancestry. Each group of 160 was comprised of 80 males and 80 females. Each 
such group of 80 was divided into groups of 20 (from across the relevant quartile) 
for pooling purposes. Equimolar amounts of DNA, with an Aj¢o/Az80 ratio of 
1.65-2 and an Ay¢60/Az30 ratio of 1.0-2.2, as quantified by NanoDrop spectro- 
photometry, were combined into pools containing 250ng DNA. DNA pools 
were digested with Xbal or HindIII, adaptor-ligated, and PCR-amplified. 
Samples were separated on 4% agarose gels to ensure DNA fragmentation in 
the 100-300 bp range. PCR yields were compared between microarray chips to 
ensure uniformity (>1,200 ng il” ' accepted), and PCR products were separated 
on 2% agarose gels to ensure the proper range of amplified product. GeneChip 
Genotyping software (v.4.0, Affymetrix, Inc.) was used for relative quality con- 
trol assessment, detection rates, and allele distributions. Hybridization intensity 
comparisons of the case and control pools were used to identify significant allele 
frequency differences for each SNP. A set of 100,198 (out of 111,664) SNPs 
provided data of sufficient quality on all microarrays. 

Taqman PCR genotyping, using assays from ABI, was performed (1) for assess- 
ment of the robustness of pooled estimates of allele frequency, by individual sample 
genotyping of the initial 320 patients in the GMSG cohort; (2) for individual 
genotyping of samples from 2,194 subjects in the CFTSS cohort (see later); and 
(3) for genotyping 91 normal healthy controls. AcycloPrime-FP SNP PCR assays 
(Perkin Elmer) were used to genotype 100 healthy controls (4). Autoclustering 
algorithms were used ([1] SDS Version 1, [2 and 3] SDS Version 2.3, both from 
ABI; and [4] FP Caller, from Johns Hopkins) to call SNPs. The call rates were (1) 
99.9%, (2) 97.1%, (3) 98.6% and (4) 99.6%, respectively. 

Individual sample genotyping of an expanded sample set of patients in the 
GMSG cohort, comprised of the 320 samples from the pooling experiment, plus 
a further 485 samples, for a total of 805 samples (261 severe, 541 mild), was 
performed. To minimize possible issues of population stratification, genetic ana- 
lysis at this stage was confined to individuals self-reporting European ancestry 
(779 out of 805, including 241 and 538 patients with severe and mild lung disease, 
respectively). SNPs that reached significance in the pooling experiment, along 
with tagging SNPs*' throughout the region of the effect, were selected for follow- 
up. Tag SNPs were chosen on the basis of HapMap data using Tagger (http:// 
www.broad.mit.edu/mpg/tagger/) (minor allele frequency threshold = 0.05; 
pairwise R’ threshold = 0.8). Furthermore, a reported non-synonymous poly- 
morphism in IFRD1, rs11542463, was assayed; it was monomorphic in the 
GMSG cohort. A final list of tag SNPs was chosen on the basis of predicted assay 
design scores for the SNP beadarray. Genotyping was done by custom Illumina 
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GoldenGate assays. An autoclustering algorithm was used on all SNPs. Clusters of 
SNPs were manually inspected when they had a low call rate (<98.5) or a low 
clustering score (<0.6). Three individuals (out of an initial 808) with DNA quality 
or gender reporting problems were excluded. The genotype success rate for each 
SNP was >99.6%; the overall call rate was 99.95%, Eight samples assayed in 
duplicate as technical replicates had >99.93% concordance. 

CFTSS subjects were genotyped by two methods, TaqMan (Applied 
Biosystems) and the lumina 610 Quad chips. In total, approximately 2,200 
individuals were typed for three IFRD1 SNPs (rs6968084, rs3807213 and 
1s7817). Of these, 76% were typed by both methods, 20% by TaqMan only, 
and 4% by Illumina only. The discrepancy rates between the two methods were 
0.42%, 0.06% and 0.49% for 186968084, rs3807213 and rs7817, respectively. No 
Mendelian errors were detected in families typed using the Illumina platform, 
whereas five Mendelian errors were detected in families typed by TaqMan. 
Because the former method appeared to be more reliable, Illumina genotypes 
were used in cases where calls made by the two methods were different. 
Genetic association data analysis. Allele frequencies for Affymetrix data were 
determined using adjustment factors for pooled samples™. Z” P values were used 
to rank all SNPs. A cluster analysis of Z’ statistics was performed. Although a 
previous report has found evidence for minimal stratification in the GMSG 
cohort*’, the possibility of confounding owing to population substructure in 
the pooling step was investigated by applying the genomic control method to the 
Z statistics for pooled DNA™. Direct application of genomic control to pooled 
data assumes the variance due to pooling has properties delineated by Devlin 
et al.**. Although the pooling experiment did not contain the technical replicates 
necessary to definitively satisfy these assumptions, genomic control was directly 
applied to the Z’ statistics. Using this approach, the inflation factor 4 = 1.04 
when estimated using the mean, again suggesting that stratification is minimal in 
this population”. 

Follow-up association analysis in the GMSG cohort was performed using 
SNPGWA”. Each SNP was tested for departures from Hardy-Weinberg equi- 
librium expectations. The additive genetic model test of association was the 
primary inference. Imputation analysis was performed using the gwas software, 
impute v0.4.2 and snptest v.1.1.5 (http://www.stats.ox.ac.uk/~marchini/soft- 
ware/gwas/gwas.html)”’. 

For association and transmission analysis in the CFTSS cohort, genotype 
distributions were tested for Hardy-Weinberg equilibrium using the 
“-unrelatedsOnly’ option in PEDSTATS v.0.6.6 (http://www.sph.umich.edu/ 
csg/abecasis/Pedstats)”*, which performs an exact test in a subset of unrelated 
individuals, so as to avoid bias from correlated genotypes within families. 
Because correlation among sibling marker genotypes may invalidate the results 
of family-based tests of association in the presence of linkage, linkage between 
SNPs and pulmonary phenotypes was evaluated using Merlin software 
(MERLIN v. 1.1.2; http://www.sph.umich.edu/csg/abecasis/Merlin/). 

Association between three IFRD1 SNPs (rs6968084, rs3807213 and rs7817) 
and the three pulmonary phenotypes was analysed using the PBAT module 
implemented within Golden Helix software (Golden Helix, Inc., Golden Helix 
PBAT Software http://www.goldenhelix.com). Four genetic models were tested: 
additive, dominant, recessive and heterozygote distortion. The best-associated 
SNP and phenotypes resulting from PBAT analysis were tested for transmission 
disequilibrium by a second method, QTDT (http://www.sph.umich.edu/csg/ 
abecasis/QTDT)™, using the orthogonal model of association and assuming 
dominance. Complete and incomplete trios were used in both analyses. 
General statistics were performed in Intercooled Stata 8 (StataCorp). 

Analysis of data on neutrophil oxidative index and TNF-a production in healthy 
donors was performed using PLINK version 1.03 (http://pngu.mgh.harvard.edu/ 
~purcell/plink/) standard quantitative trait association options for genotypes 
(-assoc) and haplotypes (—hap-assoc) as indicated. Estimated Haplotypes were 
imputed using the Expectation-Maximization algorithm as implemented in 
PLINK using the (—hap-phase) option. 

Cellular phenotypic and functional assays. Human neutrophils and mono- 
nuclear cells were isolated by Ficoll-Hypaque sedimentation, monocytes by leu- 
kapheresis and counter-current elutriation. CD34* cells (CCHMC normal 
donor repository) were differentiated in vitro with rG-CSF (50ngml~') plus 
rSCF (50ng ml’, both from Peprotech) for 8 days, followed by rG-CSF alone 
for 8 days. Primary tracheobronchial cells were collected from bronchial brush- 
ings from normal subjects (UCCOM bronchoscopy core). THP-1, BEAS-2B and 
HL-60 cells were from the American Type Culture Collection (ATCC). HL-60 
cells were differentiated with 1.5% DMSO or with retinoic acid (1 pg ml’). 
Mouse peripheral blood leukocytes were isolated from whole blood after lysis 
of erythrocytes with ACK lysis buffer (Lonza). Neutrophils were isolated immu- 
nomagnetically from mouse bone marrow using Gr-1 beads (Miltenyi), a puri- 
fication strategy yielding a highly purified population of mature neutrophils, as 
demonstrated by stained cytospins (data not shown). Mouse peritoneal exudate 
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macrophages were isolated after thioglycollate elicitation. Mouse haemato- 
poietic progenitor (Lin” c-kit* sca-1~) cells were purified by flow-cytometric 
sorting”, and differentiated in vitro for 11 days with rSCF (100 ng ml '), rMGDF 
(100 ng ml | ') and rG-CSF (100 ng ml}; all from Amgen). 

Surface and intracellular FACS staining was performed as described”*, using 
antibodies from Sigma (IFRD1), Molecular Probes (mouse IgG2a), eBioscience 
(CD11b, Gr-1, CD16, CD3, CD4, CD8 and CD19), an LSRI flow cytometer and 
FACSDiVa Software (BDPharmingen). Fc-receptor blockade was performed with 
human AB serum Gemini Bio; human cells) or blocking antibody to CD16 and 
CD32 (Fc block, eBioscience; mouse cells). Quantification of mRNA was per- 
formed by qRT-PCR”, using a LightCycler (Roche) and the following primers: 
IFRD1, 5'-TGCAGCGTTAGCATCTGTTG; IFRD1, 3'-ACCAAAGCAAGTTGC- 
ACAAG; IFRD2, 5'-TGTTTTCAGCCGGTTCTATGG; IFRD2, 3'-TGCCTGT- 
CAAGGATGTGGC; ubiquitin, 5’-CACTTGGTCCTGCGCTTGA; ubiquitin, 
3'-CAATTGGGAATGCAACAACTTTAT; KC, 5'-ACCCAAACCGAAGTCA- 
TAGC; KC, 3’-TCTCCGTTACTTGGGGACAC. Oxidative burst capacity was 
quantified by flow cytometry in mouse cells treated with PMA (Sigma), using 
the dihydrorhodamine 123 assay*®. HL-60 cells were mock transfected, or trans- 
fected by Nucleofection (Amaxa) with 90 pmol (45 nM) synthetic siRNA against 
IFRD1, or negative control siRNA, and incubated for 48 h, during differentiation 
to a neutrophil phenotype with DMSO. IFRD1 siRNA. sense/antisense: 
r(GGUGAGUUCUGAUUAUUAA )dTdT/r( UUAAUAAUCAGAACUCACC)dAdG; 
control (non-silencing) siRNA  sense/antisense: r(UUCUCCGAACGUG- 
UCACGU)dTdT/r(ACGUGACACGUUCGGAGAA)dTdT. Oxidative burst 
was quantified by flow cytometry in human neutrophils by the dihydrorhodamine 
123 assay’®. Fluorescence was quantified in neutrophils (CD11b* CD15* cells; 
antibodies from Biolegend; within the granulocyte gate set based on forward and 
side scatter characteristics) using an LSRII flow cytometer. TNF- production by 
cells or in airways was quantified by ELISA (BD Pharmingen) or by intracellular 
staining”’ (anti- TNF-« from eBioscience). KC was quantified by ELISA (R&D) or 
by qRT-PCR. LTB, was quantified by ELISA (Neogen) after stimulation of 
neutrophils with P. aeruginosa LPS or GM-CSF, followed by incubation with 
arachidonic acid**. Killing of P. aeruginosa (FRD1 strain) was quantified as 
described**. Neutrophil chemotaxis was quantified as described”’. Nuclear NF- 
«KB p65 DNA-binding activity was quantified using the EZ-Detect Transcription 
Factor ELISA (Pierce). Co-immunoprecipitation of nuclear proteins was 
performed using the Nuclear Complex Co-IP kit from Active Motif. 
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Immunoprecipitating and immunoblotting antibodies were from Santa Cruz. 
Immunoreactive proteins were visualized by ECL (Amersham). 

Mouse models. Six-to-eight-week-old Ifrd '~ mice!* on a C57BL/6 background 
(> 10 generations) and wild-type controls, were challenged intratracheally (non- 
traumatically, as described*) with 6 X 10° CFU of P. aeruginosa (FRD1 strain). 
Forty-eight hours after challenge, mice were euthanized, BAL was performed, and 
serum and lungs were collected. Lung bacterial burden and myeloperoxidase 
activity were quantified by standard techniques*. BAL and serum cytokines were 
quantified by ELISAs (BD Pharmingen, TNF-0; R&D, KC). CD45.1* congenic 
C57BL/6 (B6.SJL-PtprcaPep3b/BoyJ) mice were lethally irradiated, and rescued 
with 2X 10° bone marrow cells from wild-type or Ifrd1-deficient C57BL/6 
(CD45.2*) mice. In these experiments, TNF-o was measured by the Cincinnati 
capture assay’. Similarly, wild-type and Ifrd1'~ C57BL/6 (CD45.2*) mice were 
lethally irradiated, and rescued with 2 X 10° bone marrow cells from wild-type 
(CD45.1*) mice. Reconstitution was monitored by flow cytometric analysis of 
peripheral blood cell populations, using monoclonal antibodies to CD45.2, 
CD11b, Gr-1, TCR, B220 and NK1.1 (eBioscience). Reconstituted mice were 
challenged with P. aeruginosa =2 months after transplantation. To test formally 
their relative reconstitution ability, bone marrow cells from Ifrd1_‘~ or wild-type 
mice (both CD45.2") were transplanted into lethally irradiated wild type 
(CD45.1*) recipient mice, along with an equal number (1 X 10°) of competitor 
bone marrow cells (CD45.1*). Mice were treated with SAHA (10 mg kg; 
Cayman) intraperitoneally, followed 1h later by intratracheal challenge with P. 
aeruginosa LPS (2 mg kg” '; Sigma). Animal care was provided in accordance with 
National Institutes of Health guidelines. Studies were approved by the CCHMC 
Institutional Animal Care and Use Committee. 
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Germline-encoded amino acids in the af T-cell 
receptor control thymic selection 


James P. Scott-Browne’, Janice White’, John W. Kappler’”**°, Laurent Gapin’ & Philippa Marrack’*** 


An af T-cell response depends on the recognition of antigen plus 
major histocompatibility complex (MHC) proteins’ by its antigen 
receptor (TCR). The ability of peripheral af T cells to recognize 
MHC is at least partly determined by MHC-dependent thymic 
selection, by which an immature T cell survives only if its TCR 
can recognize self MHC” ’. This process may allow MHC-reactive 
TCRs to be selected from a repertoire with completely random and 
unbiased specificities. However, analysis of thymocytes before 
positive selection indicated that TCR proteins might have a 
predetermined ability to bind MHC*"". Here we show that specific 
germline-encoded amino acids in the TCR promote ‘generic’ MHC 
recognition and control thymic selection. In mice expressing 
single, rearranged TCR f-chains, individual mutation of amino 
acids in the complementarity-determining region (CDR) 2 to 
Ala reduced development of the entire TCR repertoire. 
Altogether, these results show that thymic selection is controlled 
by germline-encoded MHC contact points in the af TCR and 
indicate that the diversity of the peripheral T-cell repertoire is 
enhanced by this ‘built-in’ specificity. 

The idea that TCRs might have a germline-encoded ability to bind 
MHC’? is supported by crystallographic analyses of TCR-MHC com- 
plexes’*"*. In general, TCRs bind MHC in a diagonal orientation, 
where the germline-encoded CDR1 and CDR2 loops of both TCR 
Vo and VB segments interact primarily with MHC, while the highly 
diverse CDR3a and CDR36 loops bind the peptide’. Recently, several 
TCR-MHC-peptide crystal structures showed that three amino acids 
(BY46, BY48 and BE54) in the germline-encoded CDR2 regions of 
mouse VB8 bound the same regions on different MHC molecules, 
suggesting a site for consistent interaction between TCRs and 
MHC!?!+1¢, 

Mutational studies of VB8.2-expressing TCRs showed that these 
three VB8.2 amino acids were usually required for MHC-peptide 
binding'*’”'*. For a very cross-reactive TCR, we showed that the 
recognition of several ligands was dependent on BY48 and, to a lesser 
extent, on BE54 (ref. 14). To extend such analyses, we examined the 
contribution of these CDR2B amino acids to MHC-peptide recog- 
nition by other VB8.2-expressing TCRs. The DO-11.10 TCR uses 
VB8.2 and recognizes a peptide from chicken ovalbumin 
(OVA323-339) presented by both MHC class II IA? and MHC class II 
IA‘, Mutation of BY46, BY48 and BE54 to Ala in the DO-11.10 TCR 
B-chain (DOB) reduced its ability to react with both TAP-OVA393339 
and IAS-OVA393_339 (Fig. la and Supplementary Fig. 1). These muta- 
tions did not affect the TCR conformation, measured by binding of 
anti-TCR antibodies (Supplementary Fig. 2a), or the response of 
hybridomas expressing them to anti-TCR crosslinking (Supple- 
mentary Fig. 2b). Additionally, the wild-type and mutant DOR chains 
were similarly surface-expressed even when in competition with 
another TCR B-chain (Supplementary Fig. 2c, d). 


The BY46A, BY48A and BE54A mutations also reduced recognition 
of IA?-3K peptide and allo-MHC by two other cross-reactive TCRs 
(Fig. 1b, c and Supplementary Fig. 3a, b). Thus, the near obligate 
requirement for BY46, BY48 and BE54 for MHC recognition by seven 
TCRs (Fig. 1 and refs 14-18) indicates that these amino acids might 
confer ‘generic’ MHC reactivity on TCRs. 

To find out whether positive selection ofa broad repertoire of TCRs 
depends on similar TCR-MHC interactions, we evaluated the effects 
of these mutations on thymic development in vivo. If these amino 
acids contribute to generic MHC recognition by TCRs, thymocytes 
expressing TCRs with Ala substitutions of these amino acids should be 
inefficiently positively selected, resulting in a reduction in the develop- 
ment of mature thymocytes and peripheral T cells. To test this, bone 
marrow stem cells isolated from Tcrb ‘~ Tcrd ‘~ mice were trans- 
duced with retroviruses encoding the wild-type, Y46A, Y48A or E54A 
DOB chains and transferred into recombination activating gene 
(RAG)-deficient mice (Fig. 2a). These stem cells could generate thy- 
mocytes expressing only the wild-type or mutated DOB chains plus 
the entire repertoire of TCR a-chains. 


a DO-11.10 TCR b 2W1S-20.4 TCR c 75-55 TCR 
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Figure 1| VB8.2 amino acids Y46, Y48 and E54 are required for TCR 
recognition of specific MHC-peptide and allo-MHC complexes. a, IL-2 
response of 5KCa, 8 hybridomas transduced with retroviruses encoding 
wild-type (WT) DO «-chain plus WT DOP or Y46A, Y48A or E54A mutant 
DOf after stimulation with 0.4 ug ml~' OVA3 3.339 peptide plus 1A>- 
expressing Chb-2.4.4 cells or IA‘-expressing A20.2J cells, no peptide with 
IA”-expressing Chb-2.4.4 cells (No peptide), or 1.5 ug ml! plate-bound 
anti-TCRB (H57-597). b, ¢, IL-2 response of 5KCax B hybridomas 
transduced with retroviruses encoding WT 2W1S-20.4 TCR «-chain (b) or 
WT 75-55 TCR o-chain (c), plus appropriate partner WT, Y46A, Y48A and 
E54A TCR f-chain after stimulation with fibroblasts expressing IA? with 
linked 3K peptide, or splenocytes with H2°, H2°™”?, H2°, H2‘, H24, H2", H2° 
or H2" MHC haplotypes, left unstimulated (No APC), or 10 1g ml plate- 
bound anti-TCR (H57-597). Data are mean of three independent 
experiments (a) or two independent experiments (b, c). 
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Figure 2 | VB8.2 amino acids Y46, Y48 and E54 promote efficient thymic 
selection. a, Schematic illustrating the generation of retroviral bone marrow 
chimaeras. BM, bone marrow; d, days; 5FU, 5-fluorouracil. b, Thymic 
cellularity of bone marrow chimaeras expressing WT, Y46A, Y48A or E54A 
DOf analysed between d29 and d34 post reconstitution. Data are mean plus 
s.e.m. and are cumulative from three independent experiments for WT 

(n = 10) and two independent experiments for Y46A (n = 5), Y48A (n = 4) 
and E54A (n= 6) with Tcrb-'~ Tcrd '~ donor bone marrow. 

c-e, Fluorescence-activated cell sorting (FACS) analysis of CD4 and CD8 
staining (¢), CD5 and CD69 staining (d), and HSA (CD24) and TCRB 
staining (e) of GFP* thymocytes from chimaeras expressing WT, Y46A, 
Y48A or E54A DOB analysed between d29 and d34 post reconstitution. 
Representative FACS plots are shown from three independent experiments 
for WT and two independent experiments for Y46A, Y48A and E54A. 

f, Absolute number of total mature (HSA'’°TCRB"™) thymocytes (left panel), 
CD4 single-positive mature thymocytes (middle panel) and CD8 single- 
positive mature thymocytes (right panel) for chimaeras expressing WT, 
Y46A, Y48A or E54A DOB analysed between d29 and d34 post 
reconstitution. Data are mean plus s.e.m. and are cumulative from three 
independent experiments for WT (n = 10) and two independent 
experiments for Y46A (n = 5), Y48A (n = 4) and E54A (n= 6); *P < 0.05; 
**P < 0.01; ***P < 0.001; NS, not significant. 
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After reconstitution, chimaeras expressing wild-type and Ala- 
mutant DOB chains had similar total thymic cellularity (Fig. 2b) 
and had similar TCR§ expression profiles (Supplementary Fig. 4a). 
For all chimaeras, the thymuses contained all CD4 CD8™ (double- 
negative) subsets (Supplementary Fig. 4b) and most thymocytes were 
immature, unselected CD4*CD8~ (double-positive) cells (Fig. 2c). 
On recognition of MHC, double-positive cells are activated and 
express CD5 and CD69 before becoming mature thymocytes that 
are HSA (CD24)!°TCR™ and express either CD4 or CD8 (ref. 7). 
Consistent with a reduced ability to bind MHC and induce positive 
selection, the frequency of CD4 single-positive cells was reduced in 
chimaeras expressing Y46A, Y48A and E54A DOB, whereas the 
frequency of CD8 single-positive cells was reduced in chimaeras 
expressing Y46A and Y48A DOB (Fig. 2c). Likewise, we observed a 
substantial reduction in the frequency of activated CD5* CD69* cells 
and mature, HSA’ TCR", thymocytes (Fig. 2d, e and Supplementary 
Fig. 4c, d) in chimaeras expressing the mutant DOB. 

To estimate thymic output, we calculated the total number of 
mature thymocytes. The numbers of mature cells and mature CD4 
single-positive cells were significantly reduced in chimaeras expres- 
sing any of the mutant DOB chains compared to wild-type controls 
(Fig. 2f). The number of mature CD8 single-positive cells was reduced 
in chimaeras expressing BY46A and BY48A, but not in those expres- 
sing BE54A (Fig. 2f). These results indicate that BY46, BY48 and BE54 
are involved in MHC class II recognition. In previous mutational and 
crystallographic studies, BY46 and BY48 were implicated in interac- 
tions with MHC class I, whereas BE54 was not'”"®. Thus, BE54 may be 
primarily involved in TCR binding MHC class II, by means of a salt 
bridge with a conserved Lys at position 39 in the MHC class II 
a-chain’*"*7°, which is absent in MHC class I proteins’”. 

The total cellularity of the peripheral lymphoid organs was com- 
parable for all chimaeras, except for a ~2—3-fold reduction in the 
number of splenocytes in chimaeras expressing BY48A (Supple- 
mentary Fig. 5a, b). Similarly, the frequency (Supplementary 
Fig. 5c, d) and total number (Supplementary Fig. 5e, f) of peripheral 
T cells was slightly reduced in chimaeras expressing BY48A compared 
to those expressing wild type, BY46A and BE54A. Thus, the effects of 
the TCRB mutations on cell number were much less profound in the 
periphery than in the thymus. CD44 expression, a marker of activa- 
tion or homeostatic expansion”, was increased among lymph node T 
cells expressing mutant TCR B-chains and the extent of activation 
was inversely correlated with the effect of the mutation on positive 
selection (Supplementary Fig. 5g). Together, these experiments indi- 
cate that, although the VB mutations inhibited thymocyte selection, a 
corresponding influence on peripheral T-cell numbers was muted by 
homeostatic expansion of the few cells capable of maturing. 

Y46, Y48 and E54 are present in many mammalian VB segments 
and this conservation indicates that these amino acids may often 
contribute to TCR recognition of MHC’*”*®. Among mouse VB seg- 
ments, VB6 has a Tyr at position 46 of its CDR2 loop’*”*. The TEa 
TCR uses V6 and recognizes IA” plus a peptide from the MHC class 
II IE o-chain (Eos ¢g)*'. We compared the ability of hybridomas 
expressing the wild-type TEa TCR «-chain, plus either wild-type or 
Y46A TEa TCR f-chains, to respond to IA>-Eats>_¢g. The BY46A 
mutation reduced the sensitivity to antigen 10—-15-fold, but did not 
affect the response to anti-TCR stimulation (Fig. 3a). 

Weassessed the role of VB6 Y46 in thymic selection in experiments 
similar to those described for VB8.2 using the TCR B-chain from a 
V6-expressing TCR, TCli, which is specific for IA” plus a peptide 
from the human invariant chain”. We generated bone marrow chi- 
maeras using stem cells transduced with retroviruses expressing the 
wild-type or Y46A TCli TCR B-chain (TCliB). This mutation did not 
affect TCR expression in hybridomas (Supplementary Fig. 6a). 
Likewise, in vivo, mice reconstituted with stem cells expressing 
wild-type or Y46A TCliB had comparable numbers of thymocytes 
(Fig. 3b) and TCR expression profiles (Supplementary Fig. 6b). 
Consistent with impaired thymic selection, however, the frequencies 
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Figure 3 | VB6 Y46 promotes MHC recognition and thymic selection. a, IL- 
2 response of 5KCa hybridomas transduced with retroviruses encoding 
TEa TCR o-chain plus WT TEa {-chain (filled symbols) or Y46A TEa 
B-chain (open symbols) after stimulation with the indicated concentration 
of Eos2_6g peptide plus IA-expressing Chb-2.4.4 cells (left panel) or 

10 ug ml! plate-bound anti-TCR§ (right panel). Data are representative of 
two independent experiments. b, Thymic cellularity of bone marrow 
chimaeras expressing WT or Y46A TClif analysed between d25 and d33 post 
reconstitution. c, FACS analysis of CD4 and CD8 staining, CD5 and CD69 
staining, and HSA (CD24) and TCRB staining of GFP~ thymocytes from 
chimaeras expressing WT or Y46A TClif analysed between d25 and d33 post 
reconstitution. Representative FACS plots are shown from three 
independent experiments. d, Absolute number of total mature 

(HSA TCRB") thymocytes (left panel), CD4 single-positive mature 
thymocytes (middle panel) and CD8 single-positive mature thymocytes 
(right panel) for chimaeras expressing WT or Y46A TCliB analysed between 
d25 and d33 post reconstitution. For b and d, data points are shown for each 
mouse, with mean plus s.e.m., from two independent experiments for WT 
(n = 3) and Y46A (n= 3) with Tcrb ‘~ donor bone marrow (squares) and 
one experiment for WT (n= 3) and Y46A (n = 2) with Terb'~ Terd '~ 
donor bone marrow (circles); **P < 0.01; NS, not significant. 


of CD5*CD69* cells and HSA’°TCR™ cells and numbers of mature 
thymocytes and CD4 single-positive cells were reduced in mice 
expressing BY46A TCliB compared to wild-type controls (Fig. 3c, 
d), whereas the maturation of CD8 single-positive cells was un- 
affected (Fig. 3d). 

Thymic selection was significantly reduced, but not completely 
absent, in chimaeras expressing the mutant TCR f-chains (Figs 2 
and 3). This indicated that some thymocytes might have compen- 
sated for the reduced MHC reactivity of Ala-mutant TCR B-chains, 
perhaps by expressing a biased set of TCR a-chains. To test this, we 
analysed Va expression among peripheral T cells. In VB8.2 chi- 
maeras, the frequency of Va2- and Va8.3-expressing CD4* cells 


LETTERS 


was reduced in cells expressing BY46A and BY48A versus cells expres- 
sing wild-type B-chains (Fig. 4a). Among CD8* cells in VB8.2 chi- 
maeras, Vo2 expression was similar between all groups, whereas 
expression of Va8.3 was markedly increased in BY46A and BY48A 
chimaeras compared to wild-type chimaeras (Fig. 4b). In V6 chi- 
maeras, we observed similar trends in Va expression, where Va8.3 
expression was increased in CD8* cells in chimaeras expressing BY 46 
(Fig. 4a, b). 

The biased TCR «-chain repertoire among chimaeras expressing 
mutant TCR B-chains indicated that positive selection may have 
‘picked out? TCR o-chain sequences that compensate by having, 
themselves, a higher affinity for MHC. Sequence analysis of 
CDR3z regions from the Va8 repertoire among CD8°™ cells from 
mice expressing wild-type and Y48A DOB showed that the latter 
often expressed an aromatic amino acid in CDR3u six amino acids 
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Figure 4 | Altered TCRa repertoire in chimaeras expressing mutant TCR 
B-chains. a, b, Frequency of V2 and Va8.3 expression on lymph node (LN) 
CD4* T cells (a) or lymph node CD8" T cells (b) from chimaeras expressing 
WT, Y46A, Y48A or E54A DOB (white bars) and WT or Y46A TCliB (grey 
bars) analysed between d25 and d34 post reconstitution. For VB8.2 
chimaeras, data are mean plus s.e.m. from three independent experiments 
for WT (n= 10) and two independent experiments for Y46A (n = 5), Y48A 
(n = 4) and E54A (n = 6). For VB6 chimaeras, data are mean plus s.e.m. 
from a representative experiment for WT (n= 3) and Y46A (n = 3) from 
Tcrb ‘~ donors. ¢, IL-2 response of 5KCx 8 hybridomas transduced with 
retroviruses encoding Y48A DOf (left panel) or WT DOB (right panel) plus 
DO-11.10 TCR (filled symbols) or S93A TCRa (open symbols) after 
stimulation with the indicated concentration of OVA323 339 peptide plus 
IA?-expressing Chb-2.4.4 cells. Data are mean of two independent 
experiments. 
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after the conserved Va Cys (Supplementary Fig. 7). Thus, the TCR 
B-chain mutations might have resulted in positive selection of an 
altered repertoire of TCR o-chains. 

To compare the specificity of TCR o-chains from mice expressing 
mutant TCR f-chains, we generated an TAP-OVA393.339-Specific T-cell 
hybridoma from chimaeras expressing Y48A DOB. Surprisingly, the 
hybridoma expressed a TCR a-chain that was identical to the 
DO-11.10 TCRa (DO), except for an Ala-to-Ser substitution in 
CDR3 («S93A). To compare the MHC reactivity of these TCR 
a-chains, we engineered hybridomas expressing wild-type or Y48A 
DO, plus either wild-type DOx or «S93A. In hybridomas expressing 
Y48A DOB, the «S93A change improved responses to OVA393_339 With 
IA® (Fig. 4c) and IA‘ (Supplementary Fig. 8) compared to wild-type 
DO. When paired with wild-type DOB, «S93A slightly reduced 
responses to OVA393_ 339 plus Aa (Supplementary Fig. 8), but created 
a TCR that was now autoreactive to IA”, even in the absence of added 
antigen (Fig. 4c). These results indicate that «S93A may improve MHC 
recognition compared to the original DOw. This CDR3a change 
allowed positive selection when paired with the Y48A DOB, but would 
probably cause negative selection if paired with the wild-type DOB 
because the resultant TCR binds MHC too well. 

Altogether, these observations show that specific amino acids in the 
TCR VB promote ‘generic’ recognition of MHC molecules, useful 
both in recognition of MHC plus self peptides during positive selec- 
tion in the thymus and in recognition of MHC plus foreign peptides 
during specific immune responses. In the absence of these conserved 
VB interactions, thymic development can select for TCRs with affinity 
for self-MHC, but the resulting TCRo repertoire is biased. These 
findings confirm the hypothesis that the TCR has a germline-encoded 
ability to recognize MHC’ and provide an explanation for the high 
frequency of MHC-reactive TCRs in the preselected T-cell pool’. 


METHODS SUMMARY 
Mutant of TCR constructs and retroviral infection. TCR expression constructs 
were cloned in murine stem cell virus (MSCV)-based retroviral plasmids and 
transfected into Phoenix cells to produce retrovirus-containing supernatants, as 
described previously”*. TCRs were expressed by retroviral transduction in a 
TCRof-deficient hybridoma (5KC-73.8.20, referred to as 5KCa B )*4, and 
selected on the basis of retroviral reporter and TCR expression, as described 
previously”. For all stimulations, 5 X 10* hybridoma cells were cultured for 18- 
20h with the indicated stimuli, and IL-2 production was measured by enzyme- 
linked immunosorbent assay (ELISA), as described previously”. 
Generation of retroviral bone marrow chimaeras. Bone marrow was collected 
from Terb~'~ Tcrd~'~ double-deficient or Tcrb-/~ deficient mice five days after 
injection with 5-fluorouracil. Cells were cultured in vitro for four days in complete 
DMEM supplemented with 15% fetal calf serum, interleukin (IL)-3, IL-6 and 
stem cell factor (SCF), and spin-infected three times with retrovirus-containing 
supernatant. After transduction, ~5.0 x 10° GFP* bone marrow cells were trans- 
ferred into sublethally irradiated (400 or 600 rad) Rag] ‘~ recipient mice. 
Thymus, spleen and lymph node cell populations were analysed by flow cyto- 
metry from bone marrow chimaeras at 25-34 days post reconstitution. Mice that 
reconstituted poorly (those with less than 3.0 X 10’ total thymocytes) were 
excluded from the analysis. In all experiments, the two thymic lobes from each 
mouse were analysed separately. Data for frequencies of cell populations are 
shown for each individual lobe. Data for absolute numbers of thymocytes are 
the sum of both lobes from individual mice. 
Statistical analysis. An unpaired two-tailed Student’s t-test was applied using 
GraphPad software (Prism). 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Mutant of TCR constructs and retroviral plasmids. Plasmids encoding TCR «- 
and TCR f-chains for the DO-11.10, 2W1S-20.4 and 75-55 TCRs were generated 
in house. Plasmids encoding TCR o- and TCR f-chains for the TEa TCR were 
provided by D. Vignali. A plasmid encoding the TCli TCR f-chain was provided 
by C. Hsieh. TCR mutants were constructed using PCR with overlapping primers 
and cloned using engineered restriction sites. TCR «-chain constructs were cloned 
in MSCV-based retroviral plasmids with an internal ribosomal entry site (IRES) 
plus green fluorescent protein (GFP) as a reporter. TCR B-chain constructs were 
cloned in MSCV-based retroviral plasmids with an IRES—GFP or IRES—human 
nerve growth factor receptor as a reporter or murine phosphoglycerate kinase 
promoter with puromycin resistance gene as a selectable marker (pMSCVpuro, 
Clontech). All TCR V gene segments are named and their amino acids numbered 
according to the IUIS/Arden compilation”. 

Retroviral packaging. Retroviral plasmids were co-transfected into Phoenix 
cells with pCLEco accessory plasmid using Lipofectamine 2000 (Invitrogen) 
according to the manufacturer’s instructions. Retrovirus-containing superna- 
tants were collected 48h and 72h after transfection and 0.45-u1m filtered to 
remove cell debris. 

Hybridomas and cell lines. TCR constructs were expressed by retroviral trans- 
duction into a hybridoma that lacks TCR« and TCRB (5KC-73.8.20, referred to 
as 5KCa B )*4, as described previously”*. For spin-infection of hybridomas, 10° 
cells were spin-infected with retroviral supernatants containing 8 jig ml! poly- 
brene for 90 min at 37 °C in 1.5 ml microcentrifuge tubes at 3,750g. After spin- 
infection, hybridomas were sorted on a MoFlo cell sorter (Dakocytomation) on 
the basis of retroviral reporter and TCR expression. For hybridomas generated 
with pMSCVpuro, cell lines were selected with 2.5 pg ml’ puromycin. 

For testing surface expression of wild-type or Ala-mutant DOB chains in 
competition with other TCR f-chains, DOB constructs were transduced into 
the DO-11.10.3 hybridoma’*. DO-11.10.3 is a subclone of the original DO-11.10 
hybridoma that was selected to lose expression of the original DO-11.10 TCR 
B-chain, but still expresses the DO-11.10 TCR &-chain plus the original TCRB of 
the thymoma fusion partner BW5147. 

OVA-specific hybridomas were generated by immunizing bone marrow chi- 
maeras expressing the BY48A TCR chain with OVA protein conjugated to the 3K 
peptide emulsified in complete Freund’s adjuvant. Seven days later, spleen and 
lymph node cells were isolated and expanded in vitro with OVA protein for 
three days, followed by culture with IL-2 for five days. After in vitro culture, 
activated T cells were fused to BWa B , a variant of the hybridoma fusion 
partner (BW5147) that lacks both TCR «- and B-chains”’, and plated at limiting 
dilutions, as described previously**. Individual hybridomas were assessed for 
reactivity to OVA protein plus TA®- and IA“-expressing antigen-presenting cells. 
The BY48AO-9 hybridoma was isolated from this fusion and responded to 
OVA393-339 plus IA>-expressing Chb-2.4.4 cells and IA*-expressing A20.2) cells. 
Total RNA was extracted from BY48AO-9 and used to prepare cDNA with oligo- 
dT primers and Superscript II reverse-transcriptase (Invitrogen) according to 
manufacturer’s instructions. Complementary DNA was subjected to a panel of 
Va-—Co, PCRs, before direct sequencing from the successful PCR reaction. A 
Va13.1—Jx20-containing TCR «-chain was identified from the BY48AO-9 hybri- 
doma. The sequence of this TCR o-chain was identical to that expressed by the 
DO-11.10 hybridoma, with a single amino acid change at position 93, where a Ser 
in DO-11.10 TCR «-chain was replaced by Ala in the BY48AO-9 TCR a-chain. 
Hybridoma stimulation. For all stimulations, 5 X 10* hybridoma cells were 
cultured overnight with different stimuli. For OVA333_339 and Eos; 6g peptide 
stimulation, hybridomas were cultured with 5 x 10* IA?-expressing Chb-2.4.4 
cells or IA‘- expressing A20.2J cells plus the indicated concentration of peptide. 
For 3K peptide stimulation, hybridomas were stimulated with fibroblasts expres- 
sing IA” with linked 3K peptide, a ‘triple-lysine’ mutant of the Eos2_¢g peptide”. 
For stimulation with antibodies, hybridomas were cultured for 18-20h with 
indicated concentration of plate-bound anti-TCRB (H57-597) or anti-CD3¢ 
(2C11). For stimulation with allotype MHC, hybridomas were cultured for 
18-20h with 1 X 10° total spleen cells from mouse strains with different MHC 
haplotypes. Sources of splenocytes were C57BL/6 (H2”), B6.C-H2°™? (H2°™"), 
BALB/c (H2"), B10.M (H2'), B10.D1 (H2%), B10.RII (H2"), B10.S (H2°) and 
B10.PL (H2"). Hybridoma responses were measured by IL-2 ELISA, using stand- 
ard protocols. 

Generation of retroviral bone marrow chimaeras. To isolate donor hemato- 
poetic stem cells, Tcrb' Tcrd '~ double deficient or Tcrb ‘~ mice were 
injected intraperitoneally with 5-fluorouracil (150mgkg ') in balanced salt 
solution. After five days, single-cell suspensions of bone marrow cells were 
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prepared from femur, tibia, humerus, pelvis and sternum and subjected to red 
blood cell lysis with buffered ammonium chloride solution. 

After collection, cells were cultured at 2 < 10° cells per ml in DMEM supple- 
mented with 15% fetal calf serum, antibiotics, glucose and 2-ME plus 10% 
conditioned-medium containing stem cell cytokines. Stem-cell-cytokine- 
conditioned medium (provided by Y. Refaeli) was produced by transient trans- 
fection of 293 cells with expression plasmids encoding IL-3, IL-6 and SCF. Bone 
marrow cells were retrovirally infected three times (once each on days 1, 2 and 3 
post-collection). For infection, cells were spin-infected with retroviral superna- 
tants containing 8 1g ml! polybrene for 90 min at 37 °C in 24-well plates at 670g. 
During spin-infection, retroviral supernatants were supplemented with IL-3-, 
IL-6- and SCF-containing supernatant. After spin-infection, cells were returned 
to the culture conditions described above. On day 4 post collection, bone marrow 
cells were assessed for retroviral reporter expression (GFP) by flow cytometry. For 
all experiments, GFP expression on total bone marrow cells after four days of 
in vitro culture ranged from 30% to 60%. 

Ragl '~ recipient mice were irradiated with 400 rad or 600 rad on the day of 

bone marrow transfer. Recipients were injected in the lateral tail vein with 
transduced bone marrow cells containing ~5.0 X 10° GFP-expressing cells. 
Analysis of bone marrow chimaeras. Bone marrow chimaeras were analysed at 
days 25-34 post reconstitution. Single-cell suspensions from thymus, spleen and 
pooled axillary, brachial and inguinal lymph nodes were subjected to red blood 
cell lysis with buffered ammonium chloride solution and total cell counts were 
determined. Mice that reconstituted poorly (those with less than 3.0 X 10” total 
thymocytes) were excluded from the analysis. In all experiments, the two thymic 
lobes from each mouse were analysed separately. Data for frequencies of cell 
populations are shown for each individual lobe. Data for absolute numbers of 
thymocytes are the sum of both lobes from individual mice. 
Cell-surface staining and flow cytometry. Before staining, T-cell hybridomas 
and ex vivo cell suspensions were incubated with anti-CD16/CD32 antibody 
producing hybridoma supernatant (clone 2.4G2). Cells were stained under 
saturating conditions with antibodies to mouse TCRB (clone H57-597), CD3« 
(clone 2C11), CD4 (clone GK1.5), CD8 (clone 53-6.7), CD25 (clone PC61), 
CD44 (clone IM7), CD5 (clone 53-7.3), CD69 (clone H1.2F3), CD24 (HSA) 
(clone M1/69), B220 (clone RA3-6B2), VB6 (clone RR4-7), VB8.1/8.2 (clone 
MRS5-2), VB8.1/8.2 (clone KJ16), pan-VB8 (clone F23.1), VB8.2 (clone F23.2), 
DO-11.10 TCR (clone KJ1-26), V«2 (clone B20.1) and Va8.3 (clone B21.14) 
purchased from Ebiosciences or BD Pharmingen, or generated in house. 

Cells were analysed by flow cytometry on FACScan (BD Biosciences), 
FACScalibur (BD Biosciences), LSR II (BD Biosciences) or CyAn (Beckman- 
Coulter) instruments and data were analysed in FlowJo (Treestar). 
Sequencing of CDR3a. loops. Sequencing of TCR «chains from hybridomas was 
performed as described above, for the BY48AO-9 hybridoma. For sequencing of 
TCR «chains from bulk T cells, CD8* T cells were isolated by FACS from pooled 
spleen and lymph node cells using a MoFlo cell sorter (Dakocytomation). Total 
RNA was extracted from sorted cells with TRIzol (Invitrogen) and used to prepare 
cDNA with oligo-dT primers and Superscript II reverse-transcriptase 
(Invitrogen) according to manufacturer’s instructions. cDNA was subjected to 
PCR with V8 and Cx primers. The PCR reaction was fractionated on an agarose 
gel and bands of the appropriate length were isolated by gel extraction (QlAgen). 
Purified DNA fragments were cloned by T/A-overhang ligation (PCR2.1-TOPO, 
Invitrogen) according to the manufacturer’s instructions. After cloning, 
individual colonies were subjected to a second PCR with V8 and Cx primers. 
Successful PCR reactions were sequenced directly. 

Statistical analysis. An unpaired two-tailed Student’s t-test was applied using 
GraphPad software (Prism). 

Colour grid figures. The colour grid representation of IL-2 production in Fig. 1 
was generated with JcolorGrid (ref. 30). 
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Discovery of insect and human dengue virus 


host factors 
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Dengue fever is the most frequent arthropod-borne viral disease of 
humans, with almost half of the world’s population at risk of 
infection’. The high prevalence, lack of an effective vaccine, and 
absence of specific treatment conspire to make dengue fever a 
global public health threat’*. Given their compact genomes, 
dengue viruses (DENV-1-4) and other flaviviruses probably 
require an extensive number of host factors; however, only a 
limited number of human, and an even smaller number of insect 
host factors, have been identified*°. Here we identify insect host 
factors required for DENV-2 propagation, by carrying out a 
genome-wide RNA interference screen in Drosophila melanogaster 
cells using a well-established 22,632 double-stranded RNA library. 
This screen identified 116 candidate dengue virus host factors 
(DVHFs). Although some were previously associated with 
flaviviruses (for example, V-ATPases and o-glucosidases)*>”*”, 
most of the DVHFs were newly implicated in dengue virus 
propagation. The dipteran DVHFs had 82 readily recognizable 
human homologues and, using a targeted short-interfering-RNA 
screen, we showed that 42 of these are human DVHEFs. This indi- 
cates notable conservation of required factors between dipteran 
and human hosts. This work suggests new approaches to control 
infection in the insect vector and the mammalian host. 

DENV- 1-4 are transmitted from one human host to another by 
mosquitoes of the Aedes genus, principally Aedes aegyptiand albopictus’. 
Although there have been important efforts to sequence and annotate 
the genomes of these vectors'’"’, there is at present an unfortunate 
dearth of resources to carry out systematic functional genomics in 
Aedes. In contrast, there are robust materials and methods to do so in 
the related dipteran Drosophila melanogaster. To take advantage of these 
existing tools, DENV-2 New Guinea C (DEN2-NGC) was adapted by 
serial passage in D.Mel-2 cells, which are derived from S2 cells, over a 
period of 4months (DEN2-S2; Supplementary Fig. 2). To identify 
DVHEFs required for efficient propagation of DENV-2 in insect cells, 
we carried out a genome-wide RNA interference (RNAi) screen in 
Drosophila D.Mel-2 cells using the 22,632-double-stranded RNA 
(dsRNA) DRSC 2.0 library, designed and provided by the Drosophila 
RNAi Screening Center (www.flyrnai.org)'*. The screen was performed 
in duplicate, assaying 45,264 infections, excluding controls. If either 
duplicate resulted in fewer than 12,500 cells per well, the dsRNA was 
excluded from further analysis—a criterion that excluded 2,343 
dsRNAs. The remaining 20,224 dsRNAs were scored by their effect 
on infection, which was determined by measuring expression of 
envelope protein (Supplementary Fig. 3). Each pair of duplicate 
dsRNA was assigned a sum-rank score and those with scores expected 


with a frequency =0.065 by chance alone were selected for further 
analysis (Supplementary Fig. 4 and Methods). Of the 218 (1.1%) that 
met this criterion, we were able to readily resynthesize and rescreen 179 
dsRNAs. We identified 118 dsRNAs, representing 116 unique DVHFs 
that inhibited infectivity by =1.5-fold with P< 0.05 (Supplementary 
Table 1). 

The screen identified DVHFs previously known to be required for 
dengue and/or other flaviviral infections, such as an o-glucosidase 
and the V-ATPase proton pump (CG14476, VhaPPA1-1 and Vhal4 
in Fig. 1b, c)*>°'°. The effect on the VO and V1 subunits of the 
V-ATPase provided strong evidence of a requirement for the holoen- 
zyme. To obtain independent evidence for this, we tested the effect of 
bafilomycin, a specific V-ATPase inhibitor previously shown to 
inhibit flaviviruses*”’, on DENV infection of C6/36 Ae. albopictus 
cells. Bafilomycin treatment induced a marked inhibition of both 
DEN2-S2 and DEN2-NGC replication in these mosquito cells 
(Supplementary Fig. 5). These data demonstrated the validity of 
the screen as they generalize the findings to a well-studied DENV2 
and cells of the natural vector Ae. albopictus. 

The vast majority of the DVHFs (111 out of 116) had not been 
previously identified as such. Extant annotation (FlyBase accession 
number FB2008_05) predicted diverse cellular functions for DVHFs. 
DnaJ-1 and CG3061 are predicted to be involved in the unfolded 
protein response, which is activated after DENV infection'’®’®. 
a-Adaptin, cnir, lqf, synaptogyrin, Syx4 and Syx13 are all involved 
in vesicular transport and endocytosis’’, which have been implicated 
in the entry and replication of a diverse group of viruses", including 
DENV”’. The DVHF laf interacts with the Drosophila homologue of 
human EPS15, which is required for West Nile Virus and DENV 
entry’’*!. We posit that RNA-binding proteins, such as bol, Unr 
and CG5205, and the 3’—5’ exonuclease-like CG6744, assist in 
genome expression, replication and/or packaging (see later). 
Notably, the mosquito homologues of three DVHFs identified in 
our screen (pxb, H15 and Cyp6a19) were found to be differentially 
regulated after DENV infection in live mosquitoes”. 

Gene Ontology annotation (GATHER, www.gather.genome.duke. 
edu/) of DVHFs indicated a surprisingly high number (22) of 
nuclear proteins. Although DENV gene products are known to 
transit through the nucleus during the course of infection?**, it is 
also possible that DENV infection relocalizes many of these factors to 
the cytoplasm. Also notable was the large number of gene products 
predicted to be membrane-associated: 17 with the plasma membrane, 
and ten with intracellular membranes (endoplasmic reticulum, Golgi, 
vesicles and vacuole-like organelles) (Fig. 1d). The detection of many 
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Figure 1 | Genome-wide RNAi screen for dipteran DVHFs. A total of 22,632 
dsRNAs were assayed in duplicate for their effect on DEN2-S2 viral gene 

expression in D.Mel-2 cells. a, Schematic of the experimental protocol used 
in the screen. IF, immunofluorescence. b, Representative images of dsRNA- 
treated D.Mel-2 cells at X20 magnification with nuclei staining (blue) and 


membrane-bound gene products is fully consistent with the observa- 
tions that viral infections cause remodelling of cellular membranes”’. 

To test whether DVHFs were required for propagation of DENV in 
the vector mosquito Ae. aegypti, we tested the effect of depleting 
mosquito homologues of lola (NCBI accession AAEL009212), 
CG10320, a putative NADH dehydrogenase (AAEL007054), and 
Cyp6al9 (AAEL009124) using an established method of RNAi- 
mediated gene silencing’*. A dsRNA targeting AAEL009212 reduced 
the DEN2-NGC capacity to infect the midgut tissue at 7 days after 
ingestion of infected blood (Fig. 2). The effect of DVHF gene 
silencing on DENV infection was probably underestimated because 
of an aberrantly low titre of one group of control green fluorescent 
protein (GFP)-dsRNA-injected mosquitoes (Fig. 2). A dsRNA 
targeting AAEL009124 did not affect infectivity. Although inhibition 
of infectivity after depletion of AAEL007054 was not statistically 
significant, exclusion of the point that appears to be an outlier leads 
to a reduction in infectivity that approaches significance and suggests 
that this gene product could be a DVHF in Ae. aegypti (Fig. 2). Given 
the complex spatio-temporal dynamics of DENV infection in the 
mosquito, the fact that the mosquitoes are genetically polymorphic, 
the inherent variability of blood meal infections”, and the 
uncertainty of achieving gene product depletion in the appropriate 
tissue and time after dsRNA injection, it was remarkable to obtain 
inhibition with these DVHFs. These data, together with those 
obtained earlier with Ae. albopictus cells, validate the use of the 
Drosophila screen to identify dipteran DVHFs. 

The 116 DVHFs had 82 readily identifiable human homologues, 
which we targeted with a library of short interfering RNAs (siRNAs; 
Fig. 3a). We supplemented the library with siRNAs targeting gene 
products that were functionally associated with the V-ATPase but 
had not scored as DVHFs in the D.Mel-2 screen—for instance, 
V-ATPase accessory proteins not found in insects. Of the 82 homo- 
logues of the dipteran DVHFs, 42 (51%) scored as human DVHFs 
(Fig. 3b, cand Supplementary Table 2). The notably high number of 
dipteran DVHFs that were also required for infection of human cells 
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dengue E protein staining (green). c, The percentage of DEN2-S2-infected 
cells is indicated for controls and selected DVHFs. Error bars represent 
s.e.m. of =six independent observations. d, Cellular localization of the 116 
DVHEFs identified in the Drosophila screen according to Gene Ontology 
cellular component annotation (FlyBase accession FB2008_05). 


further validates the screen, and provides, to our knowledge, the first 
evidence for widespread conservation of flavivirus—host interactions 
between invertebrates and vertebrates (Supplementary Fig. 6 and 
Supplementary Table 3). 

Knockdown of DVHFs in HuH-7 cells significantly reduced the 
formation of DEN2-NGC infectious particles (Fig. 3d). Knockdown 
of DVHFs predicted to be involved in entry, post-translational modi- 
fications and transcription accounted for most of those that resulted 
in greater than tenfold inhibition of viral propagation. To ascertain 


140,000 P<0.05 e 
ma | 
120,000 
e 
100,000 e 
eo 
i e 
: 80,000 ee 
5 e 
“ eo 
fom e e 
60,000 e 
e 
— 
40,000 e 
e 
e 
20,000 ° °° 
e 


GFP 


AAELO009212  AAELO07054 AAEL009124 


Figure 2 | Injection of Ae. aegypti mosquitoes with dsRNA targeting a 
DVHF inhibits dengue virus propagation. Four-day-old female mosquitoes 
were injected with dsRNAs targeting GFP, AAEL009212, AAEL007054 or 
AAEL009124. Three days after injection, mosquitoes were fed on a DEN2- 
NGC-supplemented blood meal. Seven days later, 30 mosquitoes for each 
condition were randomly sorted into six groups of five, their midguts were 
removed, homogenized and titred. Data points indicate the combined titre 
of five dsRNA-treated mosquito midguts. Lines indicate the median value of 
the six biological replicates. Significance at < 0.05 level was determined 
using a one-sided Student’s ¢-test of viral titres (dsDVHF versus dsGFP). 
p.f.u., plaque-forming units. 


©2009 Macmillan Publishers Limited. All rights reserved 


NATURE| Vol 458|23 April 2009 


b 
Knockdown 
siGFPR siDEN2-NGC siATP6V1B1 
siATP6VOB siFLJ20254 


siRNA reverse 
a transfection 


analysis 


Infection 


Percentage infected © 
wo 
oO 


20 
10 
0 
ODEMOONOALKTONANOMYMNTEANEANOONANEENOTY 
Rrk 
SSSTECTQSE* RO TSACL SSH LL SHE OTERSGN 
TBOLS LVEF AUXKaGhsasssOarOOCstes GOSH 
a®™agso zr FY 68a°e ZHUATSA= ASS 
im 6 3 8 = Qk? Lod 
a x ny 
d ao 
1,000,000 ; 
! P<0.05 P<0.01 P< 0.001 
100,000 H H H 
ue 
= 10,000 
= 1000 
Q : H H 
100 H 1 ; 
oJ 
OLDSOMNHEMONNFTODrAS NEY¥OQOANMAELALrD 
BHO ee SE RSS EER SENS IESSS ES 
2O8 KSUHSESSSTS” EQOSSSQSESOLSS 
T®SXSS5G5Gq0R OPStS Sear eg asee 
gy" 38 Bay Se Zz GFSSGRUSGMRCRE 
a gE G6 Fed =f ST TE 
a <x 
7) 


Figure 3 | Screen for human DVHFs. siRNAs targeting 82 human DVHF 
homologues were screened in HuH-7 cells for their ability to inhibit DEN2- 
NGC. a, Schematic of the experimental protocol. b, Representative images of 
siRNA-treated HuH-7 cells at X10 magnification with nuclei staining (blue) 
and dengue E protein staining (green). c, The percentage of DEN2-NGC- 
infected cells is indicated for controls and selected DVHFs. d, Viral 
propagation after treatment with control or DVHF siRNAs was measured 
72h after DEN2-NGC infection and plotted on a logarithmic scale. Error 
bars in ¢ and d indicate s.e.m. of three independent observations. 


whether or not the DVHFs were required for other viral infections, 
we determined whether knockdown of DVHFs led to alterations in 
the gene expression for yellow fever virus (17D vaccine strain), 
another flavivirus, and Coxsackie B3 (strain 20; CB3), an enterovirus. 
Of six DVHFs that showed =twofold inhibition of DEN2-NGC E 
protein expression by at least two independent siRNAs, only one 
(FLJ20254) scored by the same criteria as required for yellow fever 
virus and three (CNOT2, FLJ20254 and TAZ) as required for CB3 
gene expression (Supplementary Table 4). This suggests some shared 
host factors among these RNA viruses, but also points to the existence 
of dengue-specific host factors. 

To determine whether we had identified DVHFs that affected both 
early and late steps in the viral life cycle, and to gain some early 
mechanistic insights we examined viral RNA accumulation in 
HuH-7 cells treated with siRNAs targeting NPR2, SEC61B, 
FLJ20254 (also known as TMEM214), TAZ, EXDL2 and CNOT2 
transcripts. As expected, knockdown of these DVHFs reduced both 
the number of cells expressing DENV E protein and the titre of 
infectious virus recovered 48h after infection with DEN2-NGC 
(Fig. 4a, b). Consistent with this, we noted a decrease in viral tran- 
scripts measured by quantitative PCR with reverse transcription 
(RT-gPCR) (Fig. 4e). Accumulation of viral transcripts at 18 and 
24 h after infection was clearly decreased in cells depleted of 
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Figure 4 | Analysis of DENV RNA accumulation after DVHF knockdown. 

a, The percentage of DENV2-NGC-infected cells 48 h after infection 
(multiplicity of infection (MOI) ~ 1.4) is indicated for controls and for six 
DVHEs. Neg ctrl, negative control. Error bars represent the s.d. of six 
replicates. b, Viral propagation 48 h after infection was calculated for controls 
and six DVHFs. Error bars represent the range of duplicates. c—e, Viral RNA 
accumulation was measured by RT—qPCR at 18 h (c), 24 h (d) and 48 h (e) after 
infection, and normalized to GAPDH. Values represent the average of median 
qPCR measurements. Error bars represent the range of duplicates. 


FLJ20254, TAZ, EXDL2 and CNOT2 (Fig. 4c, d), indicating that these 
DVHFs act on steps required for the accumulation of RNA (for 
example, early events). In contrast, knockdown of NPR2 did not 
result in lower RNA levels at early times after infection, indicating 
that this DVHF acts at steps downstream of RNA accumulation. 
Given its location in the plasma membrane”, it is likely that NPR2 
is involved in the assembly or exit of DENV. 

Itis difficult to draw definitive conclusions for the 40 human homo- 
logues of dipteran DVHFs that did not recapitulate the effect on 
DENV infection (Supplementary Fig. 6). It is likely that some of these 
failed merely because their knockdown in human cells was ineffective. 
Nonetheless, these 40 genes that did not score in the human screen are 
not enriched in the aforementioned processes (for example, endocy- 
tosis), but show highly significant enrichment for genes involved in 
immunity, suggesting that many represent dipteran-specific DVHFs. 

The availability of resources to carry out en masse analysis in D. 
melanogaster and human cells permitted us to perform a study that 
extended the known list of DVHFs by several fold. Given the like- 
lihood of some false positives and the certainty of false negatives, this 
work represents an incomplete first version of what eventually will be 
a comprehensive DVHEF list. Nonetheless, this study could lead to 
new targets for vector intervention. Furthermore, the information 
uncovered here should be used to explore the contribution of human 
DVHFs to disease severity and their potential in the treatment of 
dengue fever, and related illnesses such as West Nile encephalitis/ 
fever and yellow fever. 


METHODS SUMMARY 


The 22,632 dsRNA collection of the DRSC has been previously described'*. The 
DEN2-S2 virus used in the primary screen was isolated via serial passage of 
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DEN2-NGC (a gift from A. de Silva) in D.Mel-2 cells (Invitrogen). The experi- 
mental schedule for the primary and secondary screens is outlined in Fig. la. The 
human screen was performed with HuH-7 cells treated independently with two 
siRNAs (Qiagen) for each gene product, and with DEN2-NGC according to the 
schedule outlined in Fig. 3a. Infected cells were labelled with the anti-E, 4G2 
primary antibody (isolated from the DI-4G2-4-15 hybridoma (American Type 
Culture Collection) and Alexa-488 anti-mouse secondary (Invitrogen), and 
counterstained with Hoescht 33342 (Sigma). Imaging and analysis of infection 
were carried out with a Cellomics ArrayScan Vti HCS machine. 

Selection of candidates from the primary screen was done using a nonparametric 
approach, the sum-rank algorithm, to produce an appropriate summary statistic of 
each dsRNA tested in duplicate. In brief, within each plate wells were ranked by the 
percentage of infected cells, with the well with the lowest percentage infected cells 
given rank = 1. For each dsRNA tested in duplicate, we calculated a sum rank (SR) 
statistic using the formula: SR = rank on platel + rank on plate2. Sum ranks at 
either extreme are less likely to be observed by random chance. The number of times 
a given sum rank is expected to occur near the lower extreme (SR = 2) for a single 
pair of duplicate plates is given by: E[SR] = (SR — 1)/(number of valid wells), in 
which E denotes expectation. E[SR] scores below 0.065 were used to select potential 
targets (218 dsRNAs) for further analysis (see Supplementary Fig. 4). 

Standard experimental procedures were used for all other experiments. See 
Supplementary Information for more detail. 
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Directional Delta and Notch trafficking in Sara 
endosomes during asymmetric cell division 


F. Coumailleau'*, M. Furthauer!*, J. A. Knoblich? & M. Gonzalez-Gaitan' 


Endocytosis has a crucial role during Notch signalling after the 
asymmetric division of fly sensory organ precursors (SOPs): 
directional signalling is mediated by differential endocytosis of 
the ligand Delta and the Notch effector Sanpodo in one of the 
SOP daughters, pIIb'’. Here we show a new mechanism of 
directional signalling on the basis of the trafficking of Delta and 
Notch molecules already internalized in the SOP and subsequently 
targeted to the other daughter cell, pIIa. Internalized Delta and 
Notch traffic to an endosome marked by the protein Sara** 
During SOP mitosis, Sara endosomes containing Notch and 
Delta move to the central spindle and then to pIla. Subsequently, 
in pIla (but not in pIIb) Notch appears cleaved in Sara endosomes 
in a y-secretase- and Delta internalization-dependent manner, 
indicating that the release of the intracellular Notch tail to activate 
Notch target genes has occurred. We thus uncover anew mechanism 
to bias signalling even before asymmetric endocytosis of Sanpodo 
and Delta takes place in the daughter cells: already during SOP 
mitosis, asymmetric targeting of Delta and Notch-containing Sara 
endosomes will increase Notch signalling in pIIa and decrease it in 
plib. 

We have previously shown that Sara is associated with phospha- 
tidylinositol-3-phosphate (PtdIns(3)P)-containing multivesicular 
endosomes, which are targeted to the central spindle during mitosis 
and are involved in the symmetric partitioning of Dpp signalling 
molecules among daughter cells during wing development’. This 
prompted us to track Sara endosomes and signalling molecules 
therein during asymmetric SOP division. After division, the ligand 
Delta (Dl) is presented by pIb to bind and activate the Notch receptor 
in pIla. We established an assay to follow the trafficking of endogen- 
ous Delta and Notch in vivo and addressed whether they traffic 
through Sara endosomes and are segregated symmetrically during 
SOP division. The thorax of Drosophila pupae was dissected and 
incubated with fluorophore-coupled anti-Delta/Notch antibodies, 
to follow their endocytosed pools (Supplementary Fig. 1 and Supplem- 
entary Methods). This assay confirmed previous observations of Delta 
internalization using fixed material: Delta internalized after SOP 
mitosis was found in endosomes in plla and plIb (Supplementary 
Fig. la)'®. Similar observations were made for internalized Notch 
(Supplementary Fig. 1b). 

Delta and Notch eventually traffic through Sara endosomes (Fig. 1a 
and Supplementary Fig. 2). Shortly after internalization, Delta is in 
Sara-negative endosomes (Fig. lc). Live imaging shows that endo- 
somes containing Delta and Notch internalized for less than 10 min 
partition equally between pla and pIIb (Supplementary Fig. 1c, d). In 
contrast, Delta and Notch internalized for more than 10 min localize 
in Sara-positive endosomes (Fig. 1b, d). During division, Delta and 
Notch in Sara endosomes are targeted to the central spindle (Figs 1g, h 
and 2f, g) and segregate asymmetrically into plla (Fig. le-g, 


Supplementary Figs 3-6 and Supplementary Movies 1 and 2): more 
than 90% of Delta and Notch in these vesicles is found in pla 
(Supplementary Fig. 7a, b). Colocalization studies confirm that the 
asymmetric pools of Delta and Notch are carried in Sara endosomes 
(Fig. 1g, h, Supplementary Figs 3-5 and Supplementary Movie 3). 
These observations show that during asymmetric division, Sara endo- 
somes directionally transport Delta and Notch to the pIla, where 
Notch signalling is activated. 

We analysed the dynamics of endosomes in which Sara is tagged to 
green fluorescent protein (GFP) (Fig. 2a and Supplementary Movie 
4). Sara endosomes get excluded from the anterior half of the SOP in 
anaphase, after the anterior Pon crescent is stabilized at the cell cortex 
(Fig. 2a, c). This causes an increase in the posterior/anterior ratio of 
Sara endosomes from anaphase to cytokinesis onset (Fig. 2c). At the 
same time, Sara endosomes are targeted to the actin contractile ring 
at the cleavage plane as monitored with the myosin regulatory light 
chain spaghetti squash’ (Fig. 2e). Subsequently Sara endosomes 


Figure 1 | Directional transport of internalized Delta/Notch during 
asymmetric cell division. a, Immunostaining showing colocalization 
(arrowheads) of Dl and Sara. Occasionally Sara and DI are in different 
microdomains (Supplementary Fig. 2). b-d, Maximum projections of 
Z-stacks showing internalized Delta/Notch (iDI/iN) in SOP Sara endosomes, 
chased for 2 (c) or 20 (b, d) min. Note lack of iD] and Sara colocalization after 
2 min chase, and extensive colocalizations (iN/iDI/Sara, yellow arrowheads) 
after 20 min. e, f, Frames of movies showing >10-min chase iD] (e) and iN 
(f). Time is indicated relative to abscission. g, SOP cytokinesis showing 20- 
min chased iD] in Sara-GFP endosomes on the central spindle. h, iN and 
endogenous Sara in the SOP central spindle region. Pon outlines: cortex and 
nuclear membrane in interphase SOPs (b-—d); anterior cortex of dividing 
SOPs (eh); nuclear membrane and cortex of pIIb (a, e-h). Scale bars, 2 um 
(a—d, g, h) and 5 um (e, f). For genotypes, see Supplementary Information. 
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Figure 2 | Endosome dynamics during asymmetric cell division. 

a, Sara—GFP endosomes during mitosis: endosome exclusion from the SOP 
anterior region (—265s), targeting to cleavage plane (— 170s), and pla 
segregation (—90). b, Sara—GFP and Pon- red fluorescent protein (RFP) ina 
dividing epidermal cell. Posterior/anterior ratio of Sara—GFP 

endosomes = 1.05 + 0.14 s.d., n = 9. ¢, Temporal profile of Sara endosome 
(green), PtdIns(3)P endosome (red) and Rab5 endosome (blue) ratios in the 
anterior/posterior SOP regions (labelled by Pon crescent) or pIIa/pIIb after 
division. AR, targeting to the actin contractile ring; CS, central spindle 
targeting; Cytok, cytokinesis; Pon-crescent, period of asymmetric Pon 
localization; PT, posterior targeting on the central spindle. Error bars 
represent s.e.m. d, Temporal profile of the Sara endosome ratio in pIa/pIIb 
after abscission. e, Targeting of Sara endosomes to the actin ring (Sqh—GFP) 
f, g, Targeting of Sara endosomes and iD] to the central spindle (Pav—GFP). 
h, i, Dividing SOP showing Rab5—GFP endosomes (h) or PtdIns(3)P- 
containing endosomes labelled with a FYVE-GFP"' probe (i). Note central 
spindle targeting of PtdIns(3)P endosomes and a subpopulation of 
Rab5—GFP endosomes (white arrowheads). Other Rab5 endosomes are 
dispersed in the cytoplasm (blue arrowheads). j-l, Par-complex dependence 
of Sara endosome asymmetric targeting. Symmetric distribution of Pon, 
Sara endosomes and iDI/iN in SOPs expressing Lgl**—a non- 
phosphorylatable mutant form of Lgl (see Supplementary Information). 
White dotted line denotes posterior SOP cortex or pIla outline (a, f-i); red 
dotted line denotes anterior SOP cortex or pIIb outline (a, f, h and i). Times 
are indicated relative to abscission. All scale bars, 5 tm. 


move to the central spindle that extends symmetrically into both 
daughter cells (labelled by the Drosophila kinesin-like protein 
Pavarotti (Pav)*; Fig. 2f). Owing to the central spindle targeting, 
the posterior/anterior Sara endosome ratio decreases transiently 
(Fig. 2c). Finally, Sara endosomes are segregated to the plla cell 
during cytokinesis (Fig. 2a, c). In contrast to endosomal Sara, cyto- 
solic Sara (representing around 90% of the total) is partitioned 
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equally (Supplementary Fig. 7f, g). For 11 min after abcission, Sara 
endosomes are enriched 15-fold in plIla (Fig. 2a, c, d). Afterwards 
asymmetry decays to threefold (Fig. 2d) owing to de novo appearance 
of Sara endosomes in pIIb (Supplementary Fig. 7g). Asymmetric 
segregation only occurs during asymmetric division: in symmetrically 
dividing epidermal cells surrounding the SOPs, Sara endosomes 
segregate symmetrically (Fig. 2b and Supplementary Movie 5). 

Sara endosomes are a subpopulation of the PtdIns(3)P-containing 
early endosomes labelled by the small GTPase Rab5 (refs 5, 9-11) (for 
colocalization and dynamics of Rab5/PtdIns(3)P endosomes see 
Supplementary Information and Supplementary Fig. 8). Unlike 
Sara, the total pools of PtdIns(3)P and Rab5 endosomes are roughly 
equally partitioned during asymmetric division (Fig. 2c, h, i), 
probably because only a fraction of Rab5 and PtdIns(3)P endosomes 
contain Sara. Although Sara endosomes are unique in their 
asymmetric segregation, internalized Delta and Notch are not their 
only cargo: internalized Dally-like, a glycosyl phosphatidylinositol 
(GPI)-anchored protein, also segregates asymmetrically (Supplem- 
entary Fig. 1h). This indicates that the asymmetric endosome is not a 
compartment ‘dedicated’ to Notch signalling, but instead represents 
an intermediate station during endosomal trafficking for other cargo, 
probably including endocytosed molecules from other signalling 
pathways. 

The asymmetric targeting of Delta/Notch-containing Sara endo- 
somes requires the polarizing activity of the Par complex'””? (Fig. 2j-1, 
Supplementary Movies 8-10 and Supplementary Information). 
Conversely, the maturation of multivesicular Sara endosomes is not 
required for asymmetric segregation of internalized Delta: knockdown 
of lethal giant discs (lgd, also known as 1(2)gd1)'* or the ESCRT-II 
(endosomal sorting complex required for transport-II) subunit 
Vps25 (ref. 15) (Supplementary Fig. 9) does not affect asymmetric 
partitioning. Sara itself and other TGF-B pathway components are 
dispensable for asymmetric Delta and Notch segregation and for 
sensory organ development (Supplementary Figs 10a, b and11). Delta 
and Notch themselves are also dispensable for asymmetric Sara endo- 
some targeting (Supplementary Fig. 10c, d). 

Although Sara is not essential, its overexpression causes early endo- 
somes, which normally segregate fairly symmetrically, to be targeted 
to pIla (Supplementary Fig. 12). This suggests that Sara contributes to 
endow PtdIns(3)P endosomes with asymmetric trafficking behaviour, 
although a redundant factor can cover this role in its absence. High 
levels of Sara overexpression saturate the system, leading to remnants 
of Sara endosomes in plIb and a lineage phenotype indicative of 
ectopic Notch signalling (Supplementary Fig. 13b). The Sara over- 
expression phenotype is indeed Notch-dependent, as shown by the 
fact that animals in which Sara is overexpressed together with Notch 
RNA interference (RNAi) display a Notch mutant phenotype 
(Supplementary Fig. 13c, d). 

To address the role of the asymmetric distribution of Delta and 
Notch by Sara endosomes, we interfered with their targeting using 
the Rab5 GTPase mutant Rab5(Q88L), which promotes homotypic 
endosome fusion’®. Consistently, SOPs present a single Sara endo- 
some containing Delta and Notch at its limiting membrane 
(Fig. 3a—e). Rab5(Q88L) does not affect overall SOP asymmetry, as 
demonstrated by unperturbed asymmetric localizations of Bazooka, 
Pon, Numb, Sanpodo and Rab11 (Fig. 3d, e, Supplementary Fig. 14 
and data not shown). 

The single Sara endosome is segregated unreliably because in 40% of 
the SOPs (n = 75) the endosome is mistargeted to the anterior pIIb 
(Fig. 3e, g, k), instead of to pIla (Fig. 3d, f, i). To study the consequences 
of this mistargeting on Notch signalling, we correlated Sara endosome 
segregation in individual SOPs with the subsequent cellular composi- 
tion of these very same organs (Fig. 3f:m). When the Sara endosome 
was targeted to the posterior pla as in wild type, SOP division led to 
two cells with normal pIIa and plib fate (Fig. 3f, hj, m). In contrast, in 
67% (20 out of 30) of the cases in which the Sara endosome was 
mistargeted to the anterior pIIb, the SOP divided into two plla cells 
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(Fig. 3g, h, k-m and Supplementary Fig. 15). Consistently, 
Rab5(Q88L) adults present cuticle phenotypes diagnostic of pIIb-to- 
plla transformation’’ (Fig. 3n-s and Supplementary Fig. 15). 
Inactivation of Delta by overexpression of the Neuralized-inhibitor 
Tom" prevents the ectopic Notch activation caused by the mistarget- 
ing of Rab5(Q88L) endosomes (Supplementary Fig. 16). This indicates 
that the observed Notch activation is ligand-dependent. 

These data indicate that Sara endosomes and/or Delta and Notch 
therein determine the Notch signalling level of the recipient cell. 


0/45 


plla pllb 
IDNS segregation 


Figure 3 | Mistargeting of Sara endosomes causes cell fate transformation. 
a—c, Rab5(Q88L)—GFP (shown as Rab5QL-GFP) expression causes 
formation of a single Sara endosome containing Dl, NECD and NICD. 

b, c, Close-ups of the endosome are shown. d, e, Unreliable targeting of 
Rab5(Q88L) endosomes containing iDl. In 40% of SOPs, endosome is 
targeted to the anterior pIIb (labelled by Pon—RFP) instead of to plIa. 
f-m, Correlative analysis of Rab5(Q88L)—Sara endosome segregation and 
ensuing lineage phenotype (for details see Supplementary Fig. 15). f-h, Two 
time points of a live recording of dividing SOPs with Rab5(Q88L)—GFP 
endosomes (f, g) and subsequent lineage staining (h). aDC/pDC, anterior/ 
posterior dorsocentral bristles. Numbers denote individually re-identified 
SOPs. i-l, High magnifications (anterior pIIb to the left) of sensory organs 
boxed in f-h. In organ 10, the Rab5(Q88L)-Sara endosome is inherited by 
the posterior pIla (i) and the organ has a wild-type composition with one 
socket (SuH) and one sheath (Pros) cell (j). In organ 1, the Rab5(Q88L)—Sara 
endosome is inherited by the anterior pIIb (k) and the fate of the organ is 
transformed so that is now has two sockets but no sheath (I). m, Frequency of 
plib-to-pIla transformation (percentage pIla duplication) in cells in which 
internalized Delta/Notch Sara (iDNS) endosomes are segregated to the 
posterior pIla versus the anterior pIIb. n-s, Bristles in wild-type (n, p) and 
Rab5(Q88L)—GFP expressing adults (0, q—s). Scale bars, 2 um (a—e) and 
20 um (f-h). 
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Because targeting of the Sara endosome to the anterior pIIb leads to 
the generation of two plla cells, this indicates that the pla fate in the 
posterior cell could be achieved without the endosome. In this con- 
dition, the absence of Sara endosomes in pIla might be redundantly 
rescued by asymmetric endocytosis mediated by Numb, Neuralized 
and Rab11. This suggests that targeting of the endosome to plla in the 
wild type has two consequences: to deplete signalling molecules from 
the signal-sending cell and also, very likely, to supply them to the 
signal-receiving cell, a process which seems to be redundant with other 
asymmetric endocytic events. 

We then studied the trafficking of Delta and Notch, and the cleavage 
of Notch with respect to Sara endosomes, by looking at the locali- 
zation of Delta and Notch in these vesicles (Fig. 4). In the SOP, Delta 
and Notch (both its extracellular domain (NECD) and its intracellular 
domain (NICD)) are found in Sara endosomes (Fig. 4a, c). After 
division, Sara endosomes are inherited by pIIJa—the cell that elicits 
Notch signalling. In these endosomes NECD, but not NICD, is present 
(Fig. 4b, d, g and Supplementary Fig. 17). The presence of NECD 
without NICD in Sara endosomes indicates that a cleavage event 
has happened that separated NICD from NECD. In contrast, in pIIb 
in which Notch is inactive and Sara endosomes appear de novo after 
mitosis (Supplementary Fig. 7g), endosomes contain both NECD and 
NICD (Fig. 4b, d, g). 

The Sara compartment corresponds to a multivesicular endosome, 
as shown by cryoimmuno-electron microscopy and colocalization 
with the multivesicular endosome marker Hrs’ (Supplementary 
Fig. 8c). To study the localization of Notch in Sara endosomes, we 
monitored NICD and NECD in Rab5(Q88L)-enlarged Sara endo- 
somes. These endosomes have been used previously to discriminate 
the localization of endocytic proteins in the limiting membrane versus 
the internal vesicles of multivesicular endosomes”. In the SOP, Notch 
(both NECD and NICD) is predominantly localized to the limiting 
membrane of the Sara endosome (Figs 3b, c and 4h, j). In contrast, in 
pla, although NECD can still be seen associated to Sara endosomes, 
no NICD can be detected (Fig. 4i, k), showing that a cleavage event has 
occurred. Because NECD is still present at the limiting membrane, this 
is consistent with the possibility that, in pIIa, NICD is released from 
the endosome into the cytosol to initiate signalling. Consistently, 
Notch signalling is not initiated in the SOP (where Notch appears 
not cleaved) but in pIla, as monitored using a Notch signalling 
reporter based on the promoter of Suppressor of Hairless”° 
(Supplementary Fig. 18). 

The appearance of NECD without NICD in Sara endosomes requires 
y-secretase, because the expression of Presenilin’’** RNAi or incubation 
with the y-secretase inhibitor DAPT” abolishes the cleavage of NICD 
that accumulates in pIIa Sara endosomes (Fig. 4e, g). Similarly, blocking 
Delta internalization by expression of the Neuralized-inhibitor Tom" 
impairs NICD release (Fig. 4f, g). This suggests that the loss of NICD 
from Sara endosomes is not due to degradation, but reflects ligand- 
induced y-secretase-dependent signalling. 

The difference in NICD cleavage in Sara endosomes of pIla versus 
plb may reflect an intrinsic difference between these two cells in their 
competence to activate Notch. Alternatively, it could reflect matura- 
tion of Sara endosomes: pIla Sara endosomes and cargo therein are 
older (they were generated in the SOP), whereas pIIb Sara endosomes 
appeared de novo after division (Supplementary Fig. 7g). 
Rab5(Q88L) endosomes mistargeted to plIIb can also cleave NICD 
and elicit signalling (Supplementary Fig. 19), discarding a pIa/pIIb 
differential competence. 

Our data do not exclude the possibility that Delta binding and 
y-secretase cleavage of Notch occur somewhere else in the cell, not 
in the Sara endosome. It is possible that after cleavage, either NICD is 
not released from NECD until it reaches Sara endosomes or, alter- 
natively, NICD is indeed released at the site of cleavage and NECD 
alone traffics to the endosome. However, it is interesting to speculate 
that Notch cleavage/release occurs at the limiting membrane of Sara 
endosomes in pIla, thereby allowing NICD to access the nucleus for 
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Figure 4 | Cleaved Notch in Sara endosomes. a—d, NECD, NICD and Sara 
immunostaining in SOP (a, c) or pIIb and plIla (b, d). NECD and NICD 
localize to Sara endosomes in SOP (a, ¢, yellow arrowheads) and pIIb 

(b, d). NICD is detected in Sara endosomes in pIIb (b, yellow arrowheads), 
but not in pla (d, red arrowheads; Z-series is shown in Supplementary Fig. 
17). e-f, Presence of cleaved Notch in pIJa Sara endosomes depends on 
y-secretase and Delta internalization/activation. NICD and Sara in pIIb/pIla 
after incubation with the y-secretase inhibitor DAPT (e) or after Tom 
expression (f). g, Fraction of Sara endosomes containing NECD and NICD 
in pla and pb in wild-type (WT), after DAPT treatment, Presenilin RNAi 
(y-Sec) or Tom overexpression. The fraction of NICD-positive pIla Sara 
endosomes is significantly different between wild-type and DAPT/y-Sec/ 
Tom animals (Pearson’s Chi-squared test). *P = 4.16 X 10 °° (DAPT), 

*P = 1,648 X 10 °° (y-Sec), and *P = 1.265 X 10 °8 (Tom). h-k, Delta, 
NECD and NICD immunostaining in SOP (h, j) or pIIa/pIIb (i, k) expressing 
Rab5(Q88L)—GFP. NECD and NICD localize in SOP endosomes (h, j). NECD 
appears in pIJa endosomes (i, yellow arrowhead), but NICD is absent (k, red 
arrowhead). Scale bars, 2 [1m. 


transcriptional regulation. We do not know how Delta/y-secretase- 
dependent cleavage in Sara endosomes could occur (for further data 
in support of possible mechanisms see Supplementary Information). 
In any case, Notch endosomal signal transduction would be consis- 
tent with previous reports showing the key role of ESCRT complex 
factors, involved in sorting into the internal vesicles of multivesicular 
endosomes, for Notch signal transduction™, as well as the rate- 
limiting role of Notch internalization for its y-secretase-dependent 
cleavage”. 

Asymmetric endosomal targeting has two biasing effects: it 
enriches the signal-receiving cell with Notch molecules, and it 
depletes them from the signal-sending cell. In parallel, differential 
endocytosis causes pIIb to become a specialized signal-sending cell in 
three different ways: (1) through Numb-dependent endocytosis and 
downregulation of the Notch effector Sanpodo’, (2) through ligand 
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activation by Neuralized-dependent endocytosis’, and (3) through 
ligand recycling by Rab11 endosomes’. 

How are these three and the Sara endosome mechanism related? 
Asymmetric segregation of Delta/Notch-carrying Sara endosomes, like 
asymmetric Numb and Neuralized, are Par-complex-dependent”’, 
whereas Rabl1 asymmetry is not®. The three previously established 
mechanisms deal with signalling molecules in the daughter cells and 
mediate directional intercellular signalling from plIb to pIIa'**. Sara 
endosomes handle signalling molecules from the mother that are dis- 
patched into the pIIa daughter. Neuralized is involved in both types of 
mechanisms: it mediates the asymmetric activation of Delta in pIIb', 
but also the internalization of Delta into Sara endosomes (Supplem- 
entary Fig. le). Asymmetric segregation of Sara endosomes to plla 
dispatches signalling molecules away from pllb, thereby preserving its 
‘signal-sending’ character and maintaining the asymmetric configura- 
tion of the plIIb/pIla pair. In addition, it sends those signalling mole- 
cules to pIla, where it might reinforce its “signal-receiving’ identity. 

It did not escape our notice that Sara endosomes are also asym- 
metrically targeted to the neuroblast stem cell during its asymmetric 
divisions (Supplementary Movie 11). Like Drosophila Sara endo- 
somes, a population of early endosomes is asymmetrically distributed 
during the first, asymmetric mitosis of Caenorhabditis elegans”. 
Moreover, endosomal proteins segregate asymmetrically in human 
haematopoietic stem cells*’. These links between endosomes, asym- 
metric division and signalling suggest that the mechanism which we 
report to bias signalling during SOP division may also be relevant in 
other asymmetric cell division setups”. 


METHODS SUMMARY 


For the live antibody uptake assay, mouse monoclonal antibodies directed 
against Delta or Notch were fluorescently labelled using Zenon Alexa Fluor 
secondary antibodies (Invitrogen). Pupal nota were dissected in Clone-8 med- 
ium and incubated for 5min with the primary-antibody—Zenon complexes. 
After this the notum was rinsed and transferred in a glass-bottom dish for 
imaging on an inverted spinning disc confocal microscope. 

For y-secretase inhibitor treatment, dissected nota were incubated for 1h in 
Clone-8 medium with 100 tM DAPT before being processed for antibody staining. 

Immunostaining and fly genetics were performed according to standard 
procedures. 

Detailed experimental procedures and genotypes in the figures are provided in 
the Supplementary Information. 
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AMPK regulates energy expenditure by modulating 
NAD* metabolism and SIRT1 activity 


Carles Canto!” 


Peter J. Elliott*, Pere Puigserver® & Johan Auwerx’”” 


AMP-activated protein kinase (AMPK) is a metabolic fuel gauge 
conserved along the evolutionary scale in eukaryotes that senses 
changes in the intracellular AMP/ATP ratio’. Recent evidence indi- 
cated an important role for AMPK in the therapeutic benefits of 
metformin”’, thiazolidinediones* and exercise’, which form the 
cornerstones of the clinical management of type 2 diabetes and 
associated metabolic disorders. In general, activation of AMPK acts 
to maintain cellular energy stores, switching on catabolic pathways 
that produce ATP, mostly by enhancing oxidative metabolism and 
mitochondrial biogenesis, while switching off anabolic pathways 
that consume ATP’. This regulation can take place acutely, through 
the regulation of fast post-translational events, but also by 
transcriptionally reprogramming the cell to meet energetic needs. 
Here we demonstrate that AMPK controls the expression of genes 
involved in energy metabolism in mouse skeletal muscle by acting in 
coordination with another metabolic sensor, the NAD* -dependent 
type III deacetylase SIRT1. AMPK enhances SIRT1 activity by 
increasing cellular NAD* levels, resulting in the deacetylation and 
modulation of the activity of downstream SIRT1 targets that include 
the peroxisome proliferator-activated receptor-y coactivator la and 
the forkhead box O1 (FOXO1) and O3 (FOXO3a) transcription 
factors. The AMPK-induced SIRT1-mediated deacetylation of these 
targets explains many of the convergent biological effects of AMPK 
and SIRT1 on energy metabolism. 

AMPK is a critical regulator of mitochondrial biogenesis in response 
to energy deprivation®. Although the mechanisms by which AMPK 
modulates mitochondrial gene expression are not entirely elucidated, 
they seem to require the peroxisome proliferator-activated receptor-y 
coactivator 1a (PGC-1«), either by increasing its expression’ or direct 
phosphorylation’. Because PGC-1la« is also activated by SIRT1- 
mediated deacetylation”"’, we speculated that AMPK alters PGC-la 
activity by changing its acetylation status. Treatment of C2C12 myo- 
tubes with the AMPK activator 5-aminoimidazole-4-carboxamide-1- 
B-p-riboside (AICAR) decreased PGC-1« acetylation after 4 h of treat- 
ment (Fig. la). Unrelated AMPK activators (Supplementary Fig. la, b), 
such as resveratrol'*’*, metformin’, dinitrophenol (DNP)'* and 
A-769662'°, also decreased PGC-1a acetylation (Fig. 1b and Supple- 
mentary Fig. 1c). Furthermore, overexpression of a constitutively 
active form of AMPKa, led to a robust deacetylation of PGC-1a that 
could not be further enhanced by AICAR (Fig. 1c). In contrast, when a 
dominant negative form of AMPK«a; was overexpressed, AICAR was 
unable to deacetylate PGC-1o (Fig. 1c). The activation of AMPK hence 
triggers PGC-1a deacetylation in C2C12 myotubes. 

To validate these observations in vivo, we examined PGC-1« acet- 
ylation in hindlimb muscles after a single AICAR injection. PGC-1a 
acetylation was markedly reduced by AICAR in extensor digitorum 


, Zachary Gerhart-Hines”, Jerome N. Feige’, Marie Lagouge’, Lilia Noriega’”, Jill C. Milne’, 


longus (EDL) and gastrocnemius, but not in soleus (Fig. 1d). The 
soleus is an oxidative muscle, where basal PGC-1lam activity is 
presumably higher than in glycolytic muscles such as the EDL. 
Supporting this hypothesis, basal PGC-1a acetylation levels were 
lower in soleus than EDL (Supplementary Fig. 2a), explaining why 
the soleus is refractory to AICAR. AICAR-induced PGC-1a deacety- 
lation in muscle correlated with an increase of PGC-1o target genes 
(Supplementary Fig. 2b). Consistent with PGC-1« acetylation levels, 
AICAR had, however, minor effects on mitochondrial gene express- 
ion in the soleus (Supplementary Fig. 2c). 

We then tested whether AMPK activation through exercise 
decreases PGC-1o acetylation. An exhaustive single bout of treadmill 
running transiently activated AMPK (Supplementary Fig. 3a) and 
induced PGC-1« deacetylation with a maximal effect 3 h after ending 
exercise (Fig. le). As observed with AICAR infusion, the soleus was 
refractory to exercise-induced PGC-1« deacetylation (Fig. le) despite 
being effectively recruited, as indicated by the diminished glycogen 
levels and increased AMPK activity (Supplementary Fig. 3b, c). The 
decrease in PGC- 1 acetylation in EDL and gastrocnemius, but not in 
soleus, translated to a marked induction of PGC-1« target genes, such 
as carnitine palmitoyltransferase 1b (Cpt1b), pyruvate dehydrogenase 
kinase 4 (Pdk4) or Glut4 (also called Slc2a4; Supplementary Fig. 3d), 
whereas these genes only minimally responded in soleus (Supple- 
mentary Fig. 3e). Together, these results physiologically correlate 
AMPK activation, PGC-1o deacetylation and PGC-1« activity. 

Because SIRT1 interacts with and deacetylates PGC-1o”"', we next 
evaluated whether SIRT1 mediates the AICAR-induced deacetylation 
of PGC-la. Pre-treatment of C2C12 myotubes with nicotinamide 
(NAM), a type III histone deacetylase inhibitor’’, blocked AICAR- 
induced PGC-1a deacetylation (Supplementary Fig. 4). Furthermore, 
AICAR failed to decrease PGC-1 acetylation when SIRT1 expression 
was knocked down with a short hairpin RNA’ (shRNA; Fig. 2a) or 
genetically ablated, as in Sirtl’'~ mouse embryonic fibroblasts 
(MEFs)'* (Fig. 2b). The lack of SIRT1 did not affect AICAR-induced 
AMPK phosphorylation in any of these models (Fig. 2c, d). The protein 
levels of SIRT2 and SIRT3, the closest homologues of SIRT 1, were not 
affected by reduced SIRT1 expression (Supplementary Fig. 5), ruling 
out their implication in the blunted response to AICAR. 

We next explored whether PGC-la deacetylation influences 
AMPk-induced PGC-1o transcriptional activity. Because PGC-la 
positively autoregulates its own promoter’, we monitored PGC-1la 
activity by transiently transfecting a luciferase reporter under the con- 
trol of the Pgcl-x (also called Ppargcla) promoter, in the absence/ 
presence of PGC-1la and a Sirtl shRNA. AICAR robustly increased 
PGC-1o action on its own promoter in both C2C12 myocytes (Fig. 3a) 
and Sirt1*/* mouse embryonic fibroblasts (Fig. 3b). This increase was 
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Figure 1| Activation of AMPK triggers PGC-1a deacetylation in C2C12 
myotubes and skeletal muscle. a, b, C2C12 myotubes infected with 
adenoviruses for GFP or Flag—HA-tagged PGC-1o (PGC-1«) were treated 
with vehicle (—), AICAR (0.5 mM, 2-8 h) or nicotinamide (NAM; 5 mM; 
12h). Then, acetyl-lysine levels were checked on PGC-1a 
immunoprecipitates (IP). The supernatant (SN) was blotted against actin as 
input control. Relative quantification of PGC-1o acetylation is shown on the 
right. b, As in a, but myotubes were treated for 8h with vehicle (—), 
resveratrol (Rsv; 50 uM), AICAR (AIC), metformin (Met; 1 mM), DNP 
(0.5 mM) or NAM. c, C2C12 myotubes were infected with adenoviruses 
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Figure 2 | SIRT1 mediates AMPK-induced PGC-1a deacetylation. 

a, c, C2C12 myocytes were infected with adenoviruses encoding GFP, 
PGC-1« and either control or Sirt] shRNAs. After 8 h (a) or 1h (¢) of AICAR 
treatment, PGC-1o acetylation and AMPK phosphorylation were analysed. 
b, d, Sirt1*'* and Sirtl /~ MEFs were infected with GFP and 
Flag-HA-PGC-1« and treated for 8h (b) or 1h (d) with AICAR to test 
PGC-1 acetylation and AMPK phosphorylation. 


encoding GFP, PGC-1a and wild-type (WT), constitutively active (CA) or 
dominant negative (DN) forms of AMPKo,. After AICAR treatment, total 
lysates were analysed as in a. d, PGC-1o acetylation was measured on total 
protein (soleus and EDL) or nuclear extracts (gastrocnemius) from muscles 
of mice treated with AICAR or saline. Relative acetylation levels are shown 
on top of the panels. e, Soleus, EDL and gastrocnemius were obtained from 
non-exercised or exercised mice at 0, 3 or 6h after cessation of exercise, and 
analysed as in d. Values are expressed as mean + s.e.m. Asterisks indicate 
statistical difference versus corresponding vehicle, saline or non-exercised 
group at P< 0.05. 


reduced over 60% when SIRT1 was knocked down in these cells 
(Fig. 3a, b). Conversely, AICAR only mildly activated PGC-1lo in 
Sirt!”'~ MEFs, but full AICAR action was recovered when SIRT1 
was reintroduced (Fig. 3c). The lack of SIRT1 also compromised 
AICAR-induced PGC-1lo-dependent transcriptional activity on 
promoters of other target genes, such as Pdk4”° and Mcad" (also called 
Acadm; Supplementary Fig. 6a, b). The overexpression of the consti- 
tutively active PGC-1o% R13 mutant, where the 13 acetylation sites are 
mutated, activated the Pgc-1a promoter, which could not be further 
enhanced by AICAR or inhibited by a Sirtl shRNA (Supplementary 
Fig. 6c). This indicates that SIRT1 and the deacetylation of PGC-1la 
are necessary for AMPK to increase PGC-1« activity. 

We then tested whether the lack of SIRT1 affects AICAR-induced 
expression of genes related to mitochondrial metabolism and fatty 
acid utilization, which are under the control of PGC-1la. AICAR- 
induced expression of genes involved in mitochondrial gene express- 
ion (such as oestrogen-related receptor-« (Esrra) and Pgc-1a), mito- 
chondrial architecture and electron transport (such as cytochrome c 
(Cyc), cytochrome c oxidase IV (Cox4) and mitofusin-2 (Mfn2)), and 
in fatty acid utilization (such as Cptlb and Pdk4), was either prevented 
or robustly attenuated by knocking down SIRT1 expression in C2C12 
myotubes (Fig. 3d and Supplementary Fig. 7) or deletion of the Sirt1 
gene in MEFs (Supplementary Fig. 8). The lack of SIRT1 also impaired 
the action of metformin on the expression of this gene set 
(Supplementary Fig. 9). In contrast, AICAR was unable to increase 
further the expression of PGC-1a targets in C2C12 myotubes over- 
expressing the PGC-lax R13 mutant (Supplementary Fig. 10). 
Together, these data indicate that, to a large extent, AMPK regulates 
the expression of mitochondrial and lipid metabolism genes through 
the modulation of PGC-1« activity by SIRT1. 
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Figure 3 | AICAR modulates PGC-1a-dependent transcriptional activity, 
mitochondrial gene expression and oxygen consumption through SIRT1 
and NAD* metabolism. a, C2C12 myocytes were transfected with a 2-kb 
mouse PGC-10% (mPGC-1«) promoter luciferase reporter, a plasmid for 
mPGC-1« and simultaneously infected with adenovirus encoding control or 
Sirt1 shRNA. Thirty-six hours later, cells were treated with AICAR (12 h) 
and reporter activity was determined. b, Sirt]‘/* MEFs were analysed as in 
a. ¢, Sirt!_'~ MEFs were transfected with the 2-kb mPGC-lo. reporter and 
expression plasmids for PGC-1a, SIRT1 or the corresponding empty vectors. 
Then, cells were treated and analysed as in a. d. C2C12 myotubes were 
infected with adenoviruses for GFP, PGC-1« and either control or Sirt1 
shRNAs. After AICAR treatment, target mRNAs were analysed by 
qRT-PCR. e, O2 consumption in C2C12 myotubes infected with PGC-1a, 
and either control or Sirtl shRNAs. Total length of the bar equals total O, 


SIRT1 also had a major role in the ability of AMPK to increase 
mitochondrial respiration, as the long-term effects of AICAR on 
cellular O2 consumption, a readout of oxidative metabolism, were 
severely blunted by knocking down SIRT1 (Fig. 3e). Thus, we deter- 
mined the contribution of lipid oxidation to total O2 consumption 
by blocking mitochondrial fatty acid uptake with etomoxir. 
Confirming previous observations'®, knocking down SIRT1 severely 
decreased lipid oxidation and increased the oxidation of alternative 
substrates (Fig. 3e). In control cells, AICAR markedly increased lipid 
oxidation-driven O, consumption, whereas it almost completely 
blocked the oxidation of other substrates, such as glucose. When 
SIRT1 expression was knocked down, AICAR action on lipid oxida- 
tion was blunted and, additionally, AICAR was unable to decrease O7 
consumption derived from the other substrates (Fig. 3e). In line with 
this, direct measurement of oleate oxidation confirmed that the 
chronic effects of AICAR on lipid oxidation were blunted in myo- 
tubes where SIRT1 expression was knocked down (Supplementary 
Fig. 11). The lack of SIRT1 hence alters the long-term actions of 
AICAR on lipid oxidation and global cellular O2 consumption. 

As AICAR or metformin cannot directly activate SIRT1 
(Supplementary Fig. 12), our data suggest that AMPK signalling 
modulates SIRT! activity indirectly. No changes in SIRT1 protein 
levels were detected after 8h of AICAR (Supplementary Fig. 13a), 
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consumption. The white part of the bar is the O02 consumption in each group 
when treated with etomoxir (1 mM). Therefore, the grey part represents lipid 
oxidation-derived O2 consumption. Values for O2 consumption due to the 
oxidation of lipids and other substrates are indicated on the right. f, NAD~ 
and NADH content in C2C12 myotubes treated with AICAR for the times 
indicated. g, Whole tibialis anterior muscles from mice treated with saline or 
AICAR were used for the measurement of NAD* and NADH. h, i, C2C12 
myotubes pre-incubated with vehicle or etomoxir (50 11M) for 1h were 
treated with either vehicle (—) or AICAR (AIC). Then, NAD* and NADH 
(h) or PGC-1 acetylation levels (i) were measured. j, k, As in h, i, but using 
FK866 (10 nM) instead of etomoxir. All values are expressed as 

mean = s.e.m. Asterisks indicate statistical difference versus vehicle/saline 
group at P< 0.05. Hash symbols indicate statistical difference versus 
respective control shRNA group at P< 0.05. 


when PGC-l« is already maximally deacetylated, indicating that 
changes in activity where not due to increased SIRT1 abundance. 
We could not observe interaction of AMPK with SIRT1 up to 8h 
after AICAR, either in the presence or absence of PGC-la 
(Supplementary Fig. 13b). Finally, AMPK could not phosphorylate 
SIRT1 in vitro either on the full-length protein (Supplementary Fig. 
13c) or on different GST fragments (Supplementary Fig. 13d). These 
results suggest that AMPK regulates SIRT1 action by indirect 
mechanisms. 

Because SIRT1 deacetylase activity is driven by NAD" levels”, we 
examined whether AMPK indirectly activates SIRT1 by altering the 
intracellular NAD*/NADH ratio. Supporting this hypothesis, 
AICAR increased the NAD*/NADH ratio in C2C12 myotubes and 
in skeletal muscle (Fig. 3f, g, respectively). The increase in NAD*/ 
NADH ratio was evident 4h after AICAR in C2C12 myotubes, and 
remained elevated after 12h (Fig. 3f), a timing that perfectly corre- 
lates with PGC-1a deacetylation (Fig. la). Activation of AMPK by 
metformin, DNP, or overexpression of a constitutively active form of 
AMPK«, also increased the NAD*/NADH ratio (Supplementary Fig. 
14a, b). A significant increase in NAD* was also evident 3h after 
exercise in tibialis anterior muscle, further supporting the hypothesis 
that changes in NAD™ levels translate AMPK effects onto SIRT1 
activity (Supplementary Fig. 14c). 


©2009 Macmillan Publishers Limited. All rights reserved 


NATURE| Vol 458|23 April 2009 


To determine how AMPK acutely increases the NAD*/NADH ratio, 
we pharmacologically targeted different possible sources of cellular 
NAD* production. Inhibition of the glycolytic enzyme lactate dehy- 
drogenase with oxamic acid did not affect the ability of AICAR to 
increase NAD* levels and the NAD‘/NADH ratio (Supplementary 
Fig. 15a). In contrast, inhibition of mitochondrial fatty acid oxidation 
with etomoxir was enough to hamper the increase in NAD*/NADH 
induced by AMPK (Fig. 3h and Supplementary Fig. 15b), indicating 
that an increase in mitochondrial B-oxidation is required for AMPK to 
increase the NAD*/NADH ratio. Supporting the role of NAD*/ 
NADH ratio on SIRT1 activity, etomoxir also abolished AMPK- 
induced PGC-1a deacetylation (Fig. 31), 

SIRT1 activity is inhibited by NAM, a product of the deacetylation 
reaction catalysed by the sirtuins'’. NAM can be cleared and enzyma- 
tically reconverted into NAD* through the NAD* salvage pathway, 
the initial rate-limiting step of which is catalysed in mammals by 
nicotinamide phosphoribosyltransferase (NAMPT)”’. Acute blockage 
of NAMPT activity with the specific inhibitor FK866™*, however, did 
not affect AICAR’s capacity to modulate PGC-1lo acetylation or 
NAD*/NADH ratio up to 8h after treatment (Fig. 3j, k and Supple- 
mentary Fig. 15c). These results apparently conflict with observations 
indicating that NAMPT can link AMPK and SIRT1 activities”. These 
differences may be explained by the fact that a chronic knock down of 
NAMPT may constitutively inhibit SIRT 1 due to reduced intracellular 
NAM clearance’’. Supporting this speculation, knock down of 
NAMPT for 48h promotes PGC-lo hyperacetylation (Supple- 
mentary Fig. 16). The use of FK866 dissociates the direct effects of 
acute NAMPT inhibition from those of indirect SIRT1 inhibition and 
indicates that AMPK initially regulates the NAD*/NADH ratio and 
SIRT] activity independently of NAMPT. These results, however, do 
not rule out that NAMPT could participate to sustain the actions of 
AMPK on SIRT. 

Whereas it has been reported that AMPK activates PGC-lo 
through direct phosphorylation®, our data show that deacetylation 
of PGC-1a% on AMPK activation is also required to activate PGC-1a. 
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To understand how both post-translational modifications inter- 
twine, we used the PGC-1a% 2A mutant lacking the two AMPK phos- 
phorylation sites*. Mutation of these sites markedly reduced 
deacetylation of PGC-la by AICAR (Fig. 4a), and, consistently, 
blunted AICAR action on the expression of mitochondrial genes 
(Fig. 4b). The expression of the PGC-1a 2A mutant, however, did 
not alter AICAR action on the NAD*/NADH ratio, which increased 
to a similar extent as in myocytes expressing wild-type PGC-la 
(Fig. 4c and Supplementary Fig. 17). This suggested that the activa- 
tion of SIRT1 by AMPK should theoretically be unaffected by the 
PGC-1o 2A mutant and, consequently, still have an impact on other 
SIRT1 substrates beyond PGC-1la, like the FOXO transcription 
factors*®. AICAR treatment triggered the deacetylation of endoge- 
nous FOXO1 (Fig. 4d), as well as other members of the FOXO family, 
such as FOXO3a (Supplementary Fig. 18), in C2C12 myotubes. The 
deacetylation of FOXO1 in response to AICAR was similar in myo- 
cytes expressing wild-type PGC-lo or the 2A mutant (Fig. 4e), 
demonstrating that the PGC-1« 2A mutation only alters PGC-lo 
deacetylation but not general SIRT1 activation in response to 
AICAR. Hence, the data suggest a scenario where phosphorylation 
of PGC-1a constitutes a priming signal for subsequent deacetylation 
by SIRT1 (Fig. 4f). Notably, AMPK can also phosphorylate the FOXO 
transcription factors’, which are also targets for SIRT1 deacetyla- 
tion’®. It is therefore tempting to speculate that the coordinated 
sequential actions of AMPK and SIRT1 could be a conserved mecha- 
nism for AMPK to modulate the specificity among SIRT1 targets, 
with phosphorylation discriminating which substrates should be 
deacetylated and preventing random deacetylation. 

This work demonstrates that deacetylation of PGC-1o is a key 
mechanism by which AMPK triggers PGC-1« activity in cultured 
myotubes and in skeletal muscle. We also unveil SIRT 1 as a key, albeit 
not the sole, mediator of AMPK action on PGC-1 transcriptional 
activity, the expression of mitochondrial and lipid metabolism genes, 
and O, consumption (Fig. 3). The acute actions of AMPK on lipid 
oxidation alter the balance between cellular NAD* and NADH, 
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Figure 4 | The PGC-10 phosphorylation mutant is resistant to 
deacetylation. a, C2C12 myocytes were transfected with the wild-type or the 
2A mutant form of PGC-1a, using empty vector as control. After 36h, cells 
were treated with AICAR and total lysates were used to test PGC-1u 
acetylation. Relative acetylation levels of PGC-10 are shown on the right. 
b, Cells were treated as in a, and, after AICAR treatment, target mRNA levels 
were analysed by RT—qPCR. ¢, Cells were treated as in a, and acidic or alkali 
lysates were obtained to measure NAD* and NADH. d, C2C12 myotubes 
were treated with AICAR for the times indicated. Then, total protein lysates 
were used for immunoprecipitation of FOXO1. Relative FOXO1 acetylation 
is shown on the right. e, As in a, but immunoprecipitations were performed 
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against FOXOL1. f, Scheme illustrating the convergent actions of AMPK and 
SIRT1 on PGC-1«. Pharmacological (metformin) and physiological (fasting 
or exercise) activation of AMPK in muscle triggers an increase in the NAD*/ 
NADH ratio, which activates SIRT1. AMPK also induces the 
phosphorylation of PGC-1« and primes it for subsequent deacetylation by 
SIRT1. The impact of AMPK and SIRT1 on the acetylation status of PGC-1% 
and other transcriptional regulators, such as the FOXO family of 
transcription factors, will then modulate mitochondrial function and lipid 
metabolism. All values are presented as mean + standard error. Asterisks 
indicate statistical difference versus corresponding vehicle group at 
P<0.05. 
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which acts as a messenger to activate SIRT1. This study constitutes a 
step forward in the understanding of the mechanisms by which 
AMPK transcriptionally regulates energy expenditure. The implica- 
tion of SIRT1 in the transcriptional actions of AMPK provides a 
possible explanation for the overlapping metabolic effects of SIRT1 
and AMPK activators”’*'***°, Furthermore, the interplay between 
SIRT1 and AMPK might be reciprocal, as specific SIRT1 agonists 
promote fatty acid oxidation and indirectly activate AMPK through 
metabolic adaptations”. Hence, the interdependent regulation of 
SIRT1 and AMPK provides a finely tuned amplification mechanism 
for energy homeostasis under low nutrient availability. Together, 
these findings constitute a conciliatory view of the possible implica- 
tions of AMPK and SIRT1 on the pleiotropic beneficial effects of 
calorie restriction on metabolic homeostasis and lifespan, where both 
enzymes were known to participate, but never linked. 


METHODS SUMMARY 
Reagents and materials. The origin of all chemicals, antibodies, plasmids and 
adenoviruses is listed in Methods. 
Cell culture. C2C12 skeletal muscle cells were grown and differentiated as 
described’*. C2C12 cells were considered as myotubes after 96h of differenti- 
ation. Differentiation medium was supplemented with 0.1 mM oleic acid. Unless 
otherwise stated, AICAR treatments lasted 8h. Additional cell culture proce- 
dures can be found in Methods. 
Animal experiments. All animals were purchased from Charles River. Eight- 
week-old C57BL/6J male mice were injected subcutaneously with AICAR 
(1.0mg¢g_! body weight) or saline. AICAR was dissolved in 50 mg ml’ saline. 
Injection time was at the start of the dark cycle, and animals had free access to 
food and water. AICAR injection did not alter food intake during the 12 h period 
(data not shown). Twelve hours after injection, hindlimb muscles were collected 
and immediately frozen in liquid nitrogen. The exercise protocol used can be 
found in Methods. 
Statistics. Statistical analyses were performed with the Student’s t-test for inde- 
pendent samples (nonparametric), and data are expressed as mean + standard 
error unless otherwise specified. P value <0.05 was considered as statistically 
significant. In cell-based experiments the n ranged from 4 to 12 independent 
experiments. In animal-based studies, n = 8-10 animals per group. 

Additional experimental procedures can be found in Methods. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Exercise protocol. 8-week-old non-fasted C57BL6/J male mice were subjected to 
a resistance running test, using a variable speed belt treadmill enclosed in a 
plexiglass chamber with a stimulus device consisting of a shock grid attached 
to the rear of the belt (Panlab). Animals were acclimatized to the chamber the day 
preceding the running test. For the habituation, mice run at 21 cms’! for 10 min 
with a 5° incline. For the actual test, we used a protocol at 5° incline where, 
beginning at 18cms_', speed increased gradually by 3cms_' every 5 min. The 
distance run and the number of shocks were monitored during the test, and 
exhaustion was assumed when mice received more than 50 shocks in a 2.5 min 
interval. Mice were removed from the treadmill on exhaustion. 

Preceding the running test, we randomly subdivided mice into three different 
groups (8 mice per group): one group that would be killed immediately after the 
exercise test, another which would be killed 3 h after the exercise test, and, finally, 
a group that would be killed 6h after the cessation of exercise. The time and 
distance run before exhaustion was similar in the three groups (data not shown), 
around 600 m after 40 min of exercise. Mice killed 3 and 6 h after exercise had free 
access to food and water once the running protocol was finished. 

Reagents and materials. AICAR was purchased from Toronto Research 
Chemicals. Anti-PGC-1o (H300) and anti-actin goat antibodies were purchased 
from Santa Cruz Biotechnology Inc. Anti-PGC-lo, anti-acetyl-lysine, anti- 
AMPkw, anti-phospho-AMPKa (Thr172) and anti-FOXO1 polyclonal anti- 
bodies were purchased from Cell Signaling. Anti-Sir2 and anti-phospho 
AcetylCoA carboxylase (ACC) (Ser79) were purchased from Upstate 
Biotechnology Inc. Anti-NAMPT antibody was purchased from Bethyl laboratories. 
Anti-Flag (M2) and anti-HA monoclonal antibodies as well as most commonly used 
chemicals were purchased from Sigma Aldrich. NamptsiRNAs were purchased from 
Dharmacon Inc. The A-769662 compound was a gift from G. Hardie. C. Ammann 
provided the FK866 compound. 

Plasmids and adenoviral vectors. Adenoviruses encoding for GFP, Flag-HA— 
PGC-1a, Flag—R13-PGC-1a, control and Sirtl shRNAs were described previ- 
ously”. Adenoviruses encoding for the different forms of AMPK«, subunit were a 
gift from P. Ferré and F. Foufelle*’. The plasmids encoding for the mouse Pdk4 
gene promoter’, mouse Mcad gene promoter”, and the 2A-PGC-1o, mutant® 
have all been described. The plasmid encoding for Flag-tagged FOXO3a was 
purchased from Addgene. 

Cell culture, adenoviral infection and treatments. C2C12 skeletal muscle cells 
were grown and differentiated as described’*. Unless otherwise stated, C2C12 
were considered as myotubes after 96h of differentiation. Differentiation 
medium was supplemented with 0.1 mM oleic acid. Adenoviral infections of 
C2C12 myocytes were performed after 48 h of differentiation. Cells were washed 
with PBS and left for 1h in serum-free DMEM 4.5 gl glucose containing the 
appropriate amount of viral particles (MOI = 100 per each virus used, using GFP 
as control to make even the final viral amount). Then, the media was replaced 
with fresh differentiation media for an additional 47 h before any treatment took 
place. MEFs were cultured in DMEM 4.5 ¢1 ' glucose supplemented with 10% 
fetal calf serum (FCS). Adenoviral infection of MEFs was performed when cells 
reached 70% of confluency, and processed as with C2C12 myocytes but using 
10% FCS DMEM medium instead of differentiation medium at the end. DMSO 
was used as vehicle for the different treatments. Plasmids and siRNAs were 
transfected using Lipofectamine 2000 (Invitrogen) and following the manufac- 
turer’s instructions. Sirt]*’* and Sirt1~'~ cells were a gift of F. Alt. 

Total protein extraction. To obtain total protein extracts from cellular samples, 
cells were rapidly washed with ice-cold PBS before adding cold lysis buffer 
(25mM Tris HCl pH =7.9, 5mM MgCl, 10% glycerol, 100mM KCI; 1% 
NP40; 0.3mM dithiothreitol, 5mM sodium pyrophosphate, 1mM sodium 
orthovanadate, 50mM sodium fluoride, containing freshly added protease 
inhibitor cocktail (Calbiochem)). For acetylation studies, 5 mM nicotinamide 
and 1mM sodium butyrate were added to the buffer. After 1 min, cells were 
scraped, transferred into an Eppendorf tube and left on ice for 5 more minutes. 
Then cells were homogenized with a 25-gauge needle, left for 5 more minutes on 
ice and centrifuged at 13,000 r.p.m. for 10 min. The supernatant was collected 
and kept at —80 °C. 

Nuclear extracts. Nuclear extracts from gastrocnemius muscles were obtained as 
described previously’’. 

Immunoprecipitation and western blot. Routinely, 500 ug of protein from 
cultured cells or 2 mg of protein from muscle samples (total lysates or nuclear 
extracts) were used for immunoprecipitation. Forty microlitres of protein 
G-sepharose re-suspended in lysis buffer were used for pre-clearing the sample 
and immunoprecipitation after conjugating the beads with 3-5 mg of antibody. 
The resulting immunoprecipitate was boiled with 50 ul of Laemmli sample 
buffer (LSB) and used for Western blot applications. For immunoprecipitation 
using rabbit polyclonal antibodies, protein-A-sepharose beads were used instead 
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of Protein-G-conjugated beads. Western blot and protein detection was per- 
formed as described previously’’. 

Gene expression analysis. RNA was extracted using TRIzol reagent 
(Invitrogen). Complementary DNA was generated using Superscript II enzyme 
(Invitrogen) and quantitative real-time PCR was performed as described previ- 
ously” using acidic ribosomal protein (ARP) to normalize the expression. The 
oligonucleotides primers used for PCR analysis are provided at the end of the 
section. 

Oxygen consumption. C2C12 myotubes or MEF cells were incubated for 5 h per 
day with AICAR during 2 days, in the presence of 0.1 mM oleic acid. Then oxygen 
consumption was measured using Seahorse Biotechnology XF24 equipment 
(Seahorse Bioscience Inc.) as described*’. 

Oleate oxidation. The estimation of oleate oxidation rates was performed as 
described previously’. 

Reporter gene assays. C2C12 myocytes were transfected in 48-well plates at 90% 
of confluence with Lipofectamine 2000 (Invitrogen) following the manufac- 
turer’s instructions. Cells were left for 5h with the DNA-Lipofectamine mix, 
and the corresponding adenoviruses were added (each adenovirus at MOI 100) 
for the last hour of transfection. Then, the medium was removed and replaced by 
differentiation medium supplemented with 0.1 mM oleic acid for 36h before 
treatment with AICAR or vehicle for 12 h. For MEFs, the protocol was similar, 
but replacing the transfection medium by DMEM 4.5g1 | glucose 10% FCS 
supplemented with 0.1 mM oleic acid. Firefly luciferase activity was measured 
and normalized to B-gal activity (always transfected simultaneously). Empty 
pGL3basic reporter gene vector and pCDNA.3.1 vector were used as control 
vectors. pGL3-PGC-1a 2-kb promoter was purchased from Addgene. The 
pcDNA.3.1 HA—PGC-1a plasmid was generated in P.P.’s laboratory. pcDNA- 
Flag—SIRT1 plasmid was developed in our own laboratory. Reporter constructs 
for Pdk4 and Mcad promoters were produced by D. P. Kelly’s laboratory. 
Measurement of SIRT1 activity. Experiments testing the direct effects of AICAR 
and metformin on SIRT1 activity were performed as described”. 
NAD*/NADH measurements. NAD* and NADH nucleotides were directly 
measured as described before**. In brief, whole tibialis anterior muscles or two 
10-cm dishes of C2C12 myotubes were homogenized in 200 ul of acid extraction 
buffer to measure the NAD* concentration, or 200 pl of alkali extraction to 
obtain NADH concentration. Then, homogenates were neutralized and the con- 
centration of nucleotides was measured fluorimetrically after an enzymatic 
cycling reaction using 5 pl of sample. Values for both nucleotides were detected 
within the linear range. NAD*/NADH ratios were calculated by comparing the 
ratios obtained from each animal (randomly, one tibialis was used for NAD* 
measurements and the other for NADH) or from parallel cell dishes in each 
experiment. The ratios obtained from different animals or individual cell culture 
experiment ratios were then used as individual values to calculate the mean and 
standard error. 

Glycogen measurement. Muscle pieces (15-20 mg) were hydrolysed in 250 pl of 
2M HCl at 95°C for 2h. The solution was then neutralized with 250 pl 2 M 
NaOH, and the resulting free glycosyl units were assayed spectrophotometrically 
using a hexokinase-dependant assay kit (Amresco). 

Protein kinase assays. For protein kinase assays on full-length SIRT1 and 
NAMPT, Flag-tagged proteins were produced using a coupled in vitro transduc- 
tion and translation system (TNT, Promega Corporation). Active AMPK and 
SAMS peptide, as positive control substrate for AMPK, were purchased from 
Upstate Biotechnology. AMPK was mixed with either Flag—SIRT1, Flag— 
NAMPT, control vector or SAMS peptide (200 mM) in a solution containing 
30 mM HEPES pH 7.4, 0.65 mM dithiothreitol, 0.02% Brij-35, 10 mM MgAc and 
0.2mM AMP. The reaction started by the addition of 0.1 mM ATP (containing 
[y°°P]ATP at 1,000 c.p.m. pmol‘), and was stopped after 20 min by adding 5 ul 
of 3% phosphoric acid, and 15 ul of the reaction mix were transferred to a piece 
of P81 phosphocellulose Whatmann paper and washed extensively with phos- 
phoric acid solution. Then, the paper was dried with acetone and radioactivity 
was counted by Cherenkov counting. The rest of the reaction mix was diluted in 
LSB and boiled for 5 min. Western blots were performed to ensure the correct 
presence of the proteins in the mix (data not shown). For kinase assays on 
different GST-SIRT1 fragments and GST—PGC-1o 1-400 (as positive control), 
proteins were expressed in bacteria (BL21 strain; Invitrogen) and purified by 
using glutathione-Sepharose 4B beads (GE Healthcare, 17-0756-01). In vitro 
kinase assays were carried out according to the manufacturer’s specifications 
(Millipore, 14-305). Briefly, recombinant protein was incubated with 32 mM 
HEPES pH7.4, 0.01% Brij-35, 18.75mM MgCl, 0.15mM AMP, 0.125mM 
ATP, 2.5 mCi [y**P]ATP and 0.65 mM dithiothreitol in the presence or absence 
of 200 ng activated AMPK for 30 min at 30 °C. The glutathione beads were then 
washed twice and eluted protein was analysed by SDS-PAGE and radiolabelled 
phosphate incorporation was assessed by autoradiography. Protein levels were 
determined by Coomassie blue staining. 
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Oligonucleotide primer list. Acidic ribosomal protein: __ reverse 
AAAGCCTGGAAGAAGGAGGTC, forward AGATTCGGGATATGCTGTTGG; 
Pgc-1u: reverse GGGTTATCTTGGTTFFCTTTATG, forward AAGTGTFFAAC 
TCTCTGGAACTG; Pgc-1f: reverse TGGAGACTGCTCTGGAAGGT, forward 
TGCTGCTGTCCTCAAATACG; Nrfl: reverse GATGACCACCTCGACCGTTT, 
forward CGGAGTGACCCAAACTGAAC; Esrra: reverse CACAGCCTCAGCAT 
CTTCAA, forward ACTGCCACTGCAGGATGAG; Ppara: reverse TTGAAGGA 
GCTTTGGGAAGA, forward AGGAAGCCGTTCTGTGACAT; Pparb/d: reverse 
ACTGGCTGTCAGGGTGGTTG, forward AATGCGCTGGAGCTCGATGAC; 
Tfam: reverse ATGTCTCCGGATCGTTICAC, forward CCAAAAAGACCTCGT 
TCAGC; Cyc: reverse TCCATCAGGGTATCCTCTCC, GGAGGCAAGCATAAGA 
CTGG; Cox4: reverse GCTCGGCTTCCAGTATTGAG, forward AGAAGGAA 
ATGGCTGCAGAA; Atp5gl: reverse AFTTGGTGTGGCTGGATCA, forward 
GCTGCTTGAGAGATGGGTTC; mitofusin-2: reverse CAATCCCAGATGGCAG 
AACTT, forward ACGTCAAAGGGTACCTGTCCA; Cptlb: reverse GCACCCAG 
ATGATTGGGATACTGT, forward TTGCCCTACAGCTGGCTCATTTCC; Pdk4: 
reverse GGAACGTACACAATGTGGATIG, forward ATCTAACATCGCCAGAA 
TTAAACC; Mcad: reverse AGCTGATTGGCAATGTCTCCAGCAAA, forward 
GATCGCAATGGGTGCTTTTGATAGAA; Glut4: reverse AGGTGAAGATGAAG 
AAGCCAAGC, forward CTTCTTTGAGATTGGCCCTGG; Sodl: reverse 
TIGTTTCTCATGGACCACCA, forward ©AGGCTGTACCAGTGCAGGAC; 
Nampt: reverse AGTGGCCACAAATTCCAGAGA, forward CCGCCACAGTA 
TGIGTICcry, 
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PROSPECTS 


Japan's postdocs open to alternative work 


The government and universities must highlight non-academic careers and nurture a diverse skill set, say Toshiyuki Misu and Akira Horoiwa. 


Postdocs in Japan have had a 
tough time finding permanent 
positions, either in academia or 
in the private sector. Ina 2005 
survey by the National Institute 
of Science and Technology Policy 
(NISTEP) to identify postdocs’ 
career intentions, we investigated 
people's awareness of and desire 
for non-traditional science jobs 
(NISTEP Report 161). We asked 
about 10% of the postdocs in 
Japan to participate, 66% of 
whom responded. 

Why get a postdoc job? Of the 
1,035 people who responded, 
73% chose their present 
positions because they wanted 
to either continue research or 
become a researcher. More than 
one-tenth did so because they 
could not find other employment. 
As expected, about three- 
quarters of the participants 


“strongly wanted” to become 
academic researchers. However, 
more than half had a positive 
opinion about working in industry 
as researchers or engineers. In 
a survey conducted 4 years ago 
(NISTEP Report 86), only one- 
quarter of the respondents said 
they would consider jobs in the 
private sector, suggesting that 
postdocs’ perceptions of industry 
jobs have changed substantially. 
To assess career needs, we 
asked the participants about 
what sort of work they would 
like to do at the same time as 
their main postdoc project. More 
than one-quarter said “teaching 
work", and around one-fifth cited 
“research and development 
work in a private company” and 
“research activities different 
from the current research topic”. 
Relatively few postdocs (13%) 


did not “particularly desire” 
activities other than their current 
research. 

We also investigated how 
many couples had difficulties in 
finding positions that fitted in 
with the circumstances of their 
partner's job. Of the married 
women, 44% said that they 
would apply only for jobs that 
worked well with their partner's 
job. Comparatively, 11% of 
married men said they would 
limit their applications in this 
way. More than one-quarter of 
the women said they had been 
forced to “live separately from 
their spouse”. Clearly, family 
considerations play a big part in 
job-seeking activities, especially 
for women postdocs. 

Our survey revealed a group 
of postdocs who are open to new 
and alternative paths as a way to 


develop their skill set and career. 
The government has been some 
help in this respect. In 2006, its 
Ministry of Education, Culture, 
Sports, Science and Technology 
started the Project for Promoting 
Diversification of the Career 
Paths of Human Resources in 
Science and Technology. Twelve 
institutions and organizations 
received money to help postdocs 
and doctoral students to diversify 
their career options. 

Clearly, Japanese postdocs are 
coming to realize that an open 
mind and a diverse set of skills 
are key. We should continue to 
monitor postdocs’ sentiments — 
and their future plans. | 
Toshiyuki Misu is a senior 
research fellow, and Akira 
Horoiwa an affiliated fellow, at 
the National Institute of Science 
and Technology Policy in Tokyo. 


NEWS 


Biotech job projections bleak 


Three months after the global biotechnology 
market announced its first profitable year, the 
market has taken a “pounding”, according 

to aventure-capital expert. The resultant 
restructuring of biotechnology companies 
means that jobs in the industry will remain 
scarce well into 2010 — even at firms that 
have successful products on the market and a 


promising pipeline. 


Steven Burrill, chief executive of Burrill & 
Company, a venture-capital firm and merchant 
bank based in San Francisco, California, says 
that despite a profitable year last year, the 
biotech industry has a bleak job outlook for 
the next 18 months. “The driver of jobs in the 
industry has less to do with profitability and 
more to do with the capital markets, which 


that have a steadily dropping 
value have no money to pay 
for new research or to hire 
employees, Winter explains. 
A report published by Burrill 
in March, called Biotech 2009: 
Life Sciences — Navigating the 
Sea Change, found that at the 
end of 2008 there were 356 
public biotech companies in 
the United States, and 44 had 
amarket capitalization (the 
value of a company based 
onits shares) of more than 
US$1 billion. But by the start 
of this month, there were only 


Steven Burrill: capital markets 
are currently messy. 


result, 90 biotech companies 
are now restructuring — 
pursuing mergers and layoffs, 
says Winter. “Companies are 
down-sizing, just to extend the 
limited cash that they have,” he 
says. “It's not a good time to be 
looking for a job.” 

There could still be jobs, 
however, just not with 
conventional companies. Small 
new firms are increasingly 
going ‘virtual’ — retaining 
only a few management staff 
and outsourcing their other 
functions to consultants, 


BURRILL & COMPANY 


344 public biotechs. And last 


external managers and clinical- 


are extraordinarily messy,” he says. Biotech 
companies are struggling to raise enough 
money to operate. Borrowing is also difficult, 
owing to the credit crunch that precipitated the 
stock-market fall, he says. 


year was one of the worst ever for biotech 
initial public offerings, with only one biotech 
offering its stock to the public for the first time, 
for $6 million. Even in a down year, about ten 
companies usually enter the 


“Even if you have a fabulous “Companies are market, and each is typically 
product pipeline, it's no good downsizing, just to valued at $20 million. And 120 
if you don't have the money to extend the limited publicly traded companies 
develop it,” says Peter Winter, Were operating with less than 
the company’s director of cash that they have. six months of cash — almost 
communications. Companies — Peter Winter twice as many as in 2007. Asa 
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research organizations. People working in these 
roles will be able to pick up some of the lost 
opportunities from within biotech companies. 
“If you're not going to do it in-house, someone 
else has to do it,” Winter says. The Biotech 
Industry Organization and the Pharmaceutical 
Research and Manufacturers of America, 

both in Washington DC, declined to comment 
on the Burrill reports and their employment 
implications. | 
Paul Smaglik 
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Douglas Kell, incoming chief executive of the 


UK Biotechnology and Biological Sciences 
Research Council (BBSRC), discusses his plans 


to harness the Internet to advance science. re Wis 
What do you hope to accomplish or seriously deficient. The reductionist 
at the BBSRC? strategy certainly hasn't helped us to 
The BBSRC has long been promoting understand complex systems. Yet, moving 
systems biology, but I have a vision of biology towards a systems approach is 
moving biology forward by taking advantage an ongoing challenge because it aims to 
of Web 2.0 and the instant exchange of move past molecules to look at interactions 
literature, data and ideas between colleagues. between molecules and towards studying the 
Specifically, I aim to create a research emergent and novel behaviour of a system. 
environment in which a systems approach 
will flourish to meet the world’s challenges What achievement has given you the 
— including reinventing agricultural greatest career satisfaction? 
research to increase food security and meet We conducted a not particularly goal- 
bioenergy needs. oriented study to monitor what happens to 

bacteria when you starve them until they 

How do you see the future of are dormant. As a result, my colleagues and 
biological research? I discovered a molecule that resuscitates 
I think science as a whole is going to change _ bacteria from dormancy. That molecule 
completely. An entire epistemological shift turned out to be the first example ever found 
is emerging with the ever more powerful of a bacterial cytokine, a protein required 
Internet. For example, once Google Earth for its cell growth. The bacteria we studied, 


projects are live rather than stored images, it | Micrococcus luteus, are related to the bacteria 
will change how we think about agricultural that primarily cause tuberculosis. We found 
productivity. If we can build online maps of __ that as our molecule is required to wake 


gene-expression profiles, it will change our dormant Mycobacterium tuberculosis, it may 
understanding of how organisms work. But, _ serve as a target for drugs or vaccines. 
at a fundamental level, biologists must build 
models of systems in order to properly test What is your motto or career philosophy? 
their understanding of them. In ten years Read widely in order to seek the truth, 
time, I think, future students will say: “You wherever it lies. 
really did experiments on systems you hadn't 
modelled? How curious.” What is the secret to scientific success? 
That’s easy. Find good people with new ideas 
What has been your biggest who read widely, resource them adequately 
career challenge? and leave them alone without a lot of 
I think if you are doing good scientific pointless administration. a 
research, you are challenging the known. In 
every field, the party line has been wrong Interview by Virginia Gewin 
POSTDOC JOURNAL 
Take a scientist to work? 
I've often found that when local freelance consultants But I'm not quite ready to 
the title of a research paper scratch their heads over my change. My lab work is going 
poses a question, the answer request to visit them at work. well, | have many months 
is ultimately ‘no’. | discovered Both declined my proposal, left on my contract, and my 
much the same when|poseda__ inpartto protect client mentors and colleagues 
careers-experiment question: confidentiality and largely continue to support me 
might a ‘take a scientist to because their work simply and assure me that that 
work’ day be a good idea? involves hours hunched over elusive tenure-track job will 
Last month, | set out a computer. Perhaps | have materialize. I've promised 
explore my potential career already collected as much myself before: academia will 
‘plan B' — the world of useful information as possible — have to ‘kick me out’ before | 
industry consulting. | wanted from the people whose leave the work | love. But with 
to be proactive. In an effort to industry careers I'm thinking the gloomy economy, will that 
move beyond informational of emulating. Maybe my next be sooner rather than later? | 
interviews, | sought to move should be a riskier one: hope the answer is ‘no’. a 
experience ‘a day in the life’ leave academia and become Julia Boughner is a postdoc in 
of successful consultants an intern at a consulting firm, evolutionary developmental 
working in the life sciences. and/or pursue a Master's of biology at the University of 
To date, | have made two Business Administration. Calgary, Canada. 
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IN BRIEF 


US faculty pay rises 3.4% 


At US$79,439, the average salary for full- 
time faculty members at US universities 
in 2008-09 was 3.4% higher than it was 
in 2007-08, according to On the Brink, 
an annual report from the American 
Association of University Professors. 

By comparison, salaries rose an average 
of 3.8% between 2006-07 and 2007-08. 
However, the report warns that salaries 
for 2008-09 were set before the economic 
recession took hold and therefore “do 
not reflect the ominous economic reality 
that is now confronting colleges and 
universities across the land”. 


Battery unit for Kentucky 


A national battery development centre 
will open this summer in Kentucky. 

The centre is expected to create at 

least 20 research positions and employ 
20 postgraduate students, requiring 
expertise in chemistry and chemical and 
mechanical engineering. Formed bya 
partnership between Kentucky’s state 
government, the University of Kentucky 
in Lexington, the University of Louisville, 
Kentucky, and Argonne National 
Laboratory in Illinois, the centre aims to 
develop advanced battery technologies. 
The initial focus will be on lithium-ion 
batteries, but future research will look 
into lithium-air and zinc-air batteries, 
which could be used both in vehicles 
and to store power from the electrical 
grid, says Mark Peters, deputy associate 
laboratory director for energy sciences 
and engineering at Argonne National 
Laboratory . The centre will have an 
initial annual budget of US$7 million. 


Photonics centre launches 


The Institute of Photonics and Optical 
Science, the newest institute at the 
University of Sydney in Australia and 

the only one of its kind in the continent, 
launches this month. Headed by Ben 
Eggleton, the centre will conduct research 
into areas such as metamaterials, cloaking 
(obscuring an object from view by 
redirecting light), astrophotonics and 
medical photonics. It currently employs 
about 20 postdocs and another 30 
professionals including senior academics 
and academic and research staff. Initially 
headquartered in the university’s school 
of physics, the institute will have its own 
building by 2012. The centre's initial 
budget is Aus$4 million (US$3 million). 
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Outsourced 


Equal opportunities? 


Shelly Li 


The sign in the window says: “Offering 
Jobs to Non-Humans Only,” 

Oh my God, I think as I trudge along 
the street, walking and walking to find an 
employer that will hire a human. It’s been 
three months since the big outsourcing 
plan was put in place at Microsoft, three 
months since I'd even seen the inside ofa 
corporate building. 

I let out a deep breath, watch the cold 
smoke seep from my lips and spread out 
into the Chicago air. What if I never 
find a job again? 

“Hey, watch it!” a voice 
bleeds into my ear. 

I blink to clear the 
haze out of my eyes 
and notice that I’ve 
run into someone. 
“Sorry; I say to 
the alien — m 
not sure what 
planet he’s from 
— and move back 
from the inside of 
his coat, taking my 
hands off his blue- 
coloured chest. “I 
didn't...” 

I stop all of a sudden 
and look down at the tips of 
my fingers. “Paint...?” 

It takes a few seconds for 
the meaning of this to sink in 
for me, but when it finally does, 

I feel the tightening pain in my 
chest disappear. “Oh my God,” I 
say, looking up at Mr Blue Paint. 
“You're... youre a human... aren't 
you?” 

A terrified scowl drops over his face like 
a curtain, and he pushes past me and hur- 
ries away. 

I turn around and watch him as he 
moves through the people around him, 
amazed. How can this be? I wonder. Has 
no one caught him yet? 

I don't know the answers to these ques- 
tions, but what I do know is that if I don't 
give this man’s idea a try, I will not be able 
to feed my family for much longer. 


The interviewer is half-human, half-alien, 
but with a black overcoat covering her 
body, the only thing that differentiates 
her from a full human are the golden spots 
cast across her forehead. 

“So,” she says, smiling at me with a row 


of perfect teeth. “Tell me, Mr Alimano, 
what is your family history?” 

“Well, I was born here in Chicago. My 
mother emigrated to Earth from Sennia 
when she was just a few centuries old. 
When my father came to Earth on busi- 
ness from Polum a couple of millennia 
later, he and my mother were wed. They 
gave birth to mea few years later.” 

The interviewer nodded and pointed to 
my orange-red hands. “I can see that your 
mother has given you flexible Sennian 


fingers,” she says. “Those will be 
perfect for typing. What’s your speed?” 

My heart freezes then, for I do not know 
the normal typing speed of an alien. “Nine 
hundred words a minute,’ I decide to say 
after a little pause. 

“Hmm. That sounds a little low for a 
Sennian, but...” She shrugs and writes 
“900” down on the notepad in front of 
her. “You are only 50% of your mother. It’s 
probably reasonable.” 

She looks up at me, her black eyes pierc- 
ing into mine, drowning me in a dark 
abyss. “Mr Alimano,” she says. “You're 
hired. Can you start tomorrow?” 


The job is not as hard as I thought it 
would be. As long as I keep under the 
radar, socialize at a minimum with my 
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co-workers, and work hard, Iam sure that 
I will stay employed. 

Slowly, winter turns to spring, then 
fades into summer. Summer rolls into 
autumn, and before I know it, winter is 
here again. But now my family is living 
with a roof over their heads and food in 
their stomachs — perhaps I will even buy 
Christmas gifts for Nicky and Joel this 
year, or maybe take a little vacation. 

“Hey,” my boss walks up and says to 
me. He once told me that he was from 
Lotruus, the desert planet, which is why 
his skin is so green and tough. “Have you 
typed up the shipment schedule for 
Sector Seven yet?” 

“Yes.” I reach over and grab the 
schedule from the printer, but my 
arm does not extend far enough. 
My boss chuckles. “Don't 
worry,’ he says, and reaches 

over me. “I'll grab it” 
But his elbow rubs 
up against my face 
as he pulls back, 
and the tingly 
texture of his 
skin is too 
much for me 

to handle. 

I sneeze. 

For a moment, 

my boss says noth- 
ing, merely stares at 

me with those piercing 
eyes of his. Then he glances 
down at his arm. 
I don’t understand why he is 
acting this way until I look down 
and see the blood mixed in with the 
snot on his arm. 

“This is the blood of a human,’ my boss 
says to me. “Isnt it?” 

I keep quiet, and we lapse into silence 
yet again. 

Shivers are rolling through my body, but 
I can do nothing to stop them. I can hear 
my heart pounding, louder and louder, 
almost threatening to burst out of my 
chest when finally, my boss leans in and 
whispers to me: “You fix this ... ailment of 
yours, okay? This encounter of ours did 
not happen” 

I nod, not even daring to breathe. 

“Merry Christmas,’ he says, and walks 
away. a 
Shelly Li is now 16 and the proud owner of 
a driver's licence. Beware. However, when 
she is not cruising around in her car, she 
can be found at www.shelly-li.com. 
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